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Resumen

Nanomateriales de carbon: biocompatibilidad y reforzamiento de materiales
paratintas de bioimpresion 3D

Los nanotubos de carbono (CNTs, por sus siglas en inglés) y el grafeno (G) son
formas alotropicas del elemento carbono. Estos materiales de carbono exhiben
propiedades fisicas, mecanicas, térmicas y Opticas Unicas, las cuales los hacen
atractivos para diversas aplicaciones industriales y biomédicas. Debido a que los
CNTs tienen forma similar a las fibras de asbesto, estos pueden presentar un
riesgo potencial para la salud humana y por ello es crucial una caracterizacion
toxicolégica completa del material. El objetivo de este trabajo fue evaluar la
biocompatibilidad/toxicidad de CNTs y G sobre células de mamiferos empleando
diferentes metodologias de exposicion, concentraciones, dispersante y tiempo de
exposicién. Demostramos que G es biocompatible con células mononucleares de
sangre periférica. También, encontramos que la sintesis de CNy produce
diferentes morfologias de nanomateriales que generan diversas respuestas
celulares en fibroblastos de ratén y células hematopoyéticas humanas. Sin
embargo, los CNy pertenecientes a la regiébn de alta produccion son
biocompatibles con células de mamiferos y estas células pueden embeberlos. Por
otro lado y de manera conjunta, se desarrollé6 un biomaterial (hidrogel) mejorado
para cultivos en 3D. Este material estd compuesto por dos polimeros
biocompatibles, alginato y gelatina, los cuales son ampliamente usados en
biomedicina como soporte celular. Estos hidrogeles fueron modificados mediante
la incorporacion de CNTs en su matriz, mejorando las propiedades del material.
Los nanomateriales asi como el composito formado por nanomateriales-hidrogel
representan una alternativa para el desarrollo modelos 3D in vitro, que pudieran

ser empleados en biomedicina.

PALABRAS CLAVE: Nanomateriales, nanotubos de carbono nitrégeno dopados,
bio-impresion, hidrogeles, células de mamiferos, biocompatibilidad.



Abstract

Carbon nanomaterials: biocompatibility and reinforcement material for 3D
bioprinting ink

Carbon nanotubes (CNTs) and graphene (G) are allotropic forms of carbon
element. These carbon materials exhibit physics, mechanics, thermal and optical
properties making them attractive for several industrial and biomedical
applications. Since CNTs have similar shape to asbestos fibers, they could
represent a potential risk for human health, and therefore, it is crucial a full
characterization of CNTs. The aim of this work was to evaluate the
biocompatibility/toxicity of CNTs and G on mammalian cells using different
exposure methodologies, concentration, dispersant and time of exposure. We
demonstrated that G are biocompatible with peripheral blood mononuclear cells.
Also, we found that synthesis of CNTs produces different nanomaterials
morphologies, which generate differences in the cellular response on fibroblasts
and human hematopoietic stem cells. However, CNy belonging to high region are
biocompatible with mammalian cells and they can embed CNy. Furthermore, an
improved biomaterial (hydrogel) for 3D culture was made. This material is
composed by two biocompatible polymers, alginate and gelatin, which are widely
used in biomedicine for cellular support (scaffolds). These hydrogels were modified
by the incorporation of CNTs to their matrix, improving the material’s properties.
The nanomaterials as well as the composite formed by nanomaterials-hydrogel
represent an alternative for constructing 3D in vitro models, which could use them

in the biomedical field.

KEY WORDS: Nanomaterials, nitrogen-doped carbon nanotubes, bioprinting,

hydrogels, mammalian cells, biocompatibility.



1. General introduction

Carbon is presented in nature as several allotropic forms such as diamond,
graphite, fullerene and amorphous carbon, for example (Figure 1a-d) [1, 2]. Other
carbon allotropes are carbon nanotubes (CNTs, Figure 1e) and graphene (G,
Figure 1f), which have an identical composition with a meshwork of sp*-hybridized

carbon atoms. However, these carbon materials have different structures [2].

Figure 1. Carbon allotropes. a) diamond; b) graphite; c) fullerene (C70); d)
amorphous carbon; e) carbon nanotube; f) graphene [3].

Since the carbon nanotubes (CNTs) were discovered by accident in 1991
[1], scientists were delighted with their unique physic, mechanic, thermal and
optical properties of this new form of carbon [2]. In 2004, another carbon
nanomaterial, graphene (G), started to gain more attention of the researches due
to its properties [2, 4].

Both CNTs and G are materials ranging from nanometers (nm) to
millimeters (mm) dimensions. CNTs are hollow cylinders of graphene sheets with a

diameter range of 0.2 to hundreds of nm and lengths from 2 nm up to 10 mm [5, 6].



Meanwhile G is a 2D honey-comb lattice material with a carbon-carbon bond
length of 0.142 nm [7, 8], which is presented as flakes with variable diameters and
thickness in the order of nm and lengths from nm to mm [9].

In the industry, CNTs and graphene have been used for different
applications. Furthermore, in biomedicine, both materials have been proposed for
several uses such as cellular scaffold, drug delivery devices, imaging contrast
agents, and for reinforcement of materials such as hydrogels, by using this
hydrogel/carbon material as ink to create a 3D models employing 3D technology
[4, 10-14]. However, considering the importance of using a new material in
biomedicine, it is crucial to determine the biocompatibility or toxicity of the material.
The present thesis focuses on the effects produced by CNT and G on different
biological models as well as the development of hydrogels containing CNTs for 3D
bioprinting ink.

This thesis is organized by chapters and is presented as follows: chapter |
is focused on graphene oxide (GO) studies, the potential biological application of
this carbon material has made that several research groups pay attention on the
cellular response to GO, since a lot of studies lacking of a complete
characterization of toxic degree and their only take in consideration two parameter
to determine the biocompatibility/toxicity of the material using bacterial as a
biological model. For that reason, we made a careful characterization of GO,
analyzing their sizes and structural properties, using different methods of exposure
with GO dispersed in two biocompatible solvents. We tested the GO against
bacterial as well as peripherial blood mononuclear cells. According to our results,

GO had 2D sizes of ~100 nm and >2 um. we found that bacterial growth is



inhibited by the size of the GO, suggesting a toxic effect exposure method
dependent. However, the GO was compatible with blood cells after 24 h of
exposure. Our experiments provide vital information for future applications of GO in
suspension. If its antibacterial properties are to be potentiated, care should be
taken to select 2D sizes in the micrometer range, and exposure should not be
carried out in the presence of grow media.

Chapter Il is related with the toxicity of nitrogen-doped multiwalled carbon
nanotubes (CNy). We evaluated the toxicity of CNy on mammalian cells applying
three parameters: 1) different concentrations of CNy, 2) exposure time and 3) the
exposure route. Finding that CNy, are more toxic when they are incubated
simultaneously with cells, compare with CNy added to cultures 24 h after cell
dissociation. Besides, we found cytotoxicity effect concentration and time
dependent. Furthermore, during the chemical synthesis of CNy, we observed that a
high heterogenic material was produced with substantial differences on length and
diameter size, which have distinctive cytotoxic effects on the proliferation of NIH-
3T3 cells. However, concentrations of 7 pg/ml of these nanomaterials seemed to
be well tolerated by the cells, and they could be used in biomedical applications.

Encouraged to find a biocompatible CNy, in chapter Il are presented the
previous results of the effect of these nanomaterials with human and murine cells.
By improving the recovery and purification process of CNy, it was possible to select
CNy with specific properties. CNy were classified based on their synthesis zone and
we used different concentration and exposure time to evaluate their
biocompatibility and toxicity. According to our results the CNy that had belonged to

high region of production were biocompatible with both kinds of cells; meanwhile,



CNyx from middle region were toxic for cells, suggesting a heterogeneous
production of CNy with different properties. Therefore, we demonstrated that
heterogeneous morphologies of CNy synthesized in the same batch generate
differences in the cellular response. Furthermore, we have shown that CN
belonging to high region (CNx-HR) are biocompatible with mammalian cells and
they can be uptaken.

Due to the CNy have similar surface roughness as collagen fibers of the
extracellular matrix [15]; the next step was the incorporation of these nanomaterials
to hydrogels. The chapter IV is the compilation of the results obtained of hydrogel
preparation and their use as a 3D bioprinted culture model. First, we evaluated the
biocompatibility and suitability of the hydrogel for cell migration, and second, we
added nanomaterials to reinforce the hydrogel (chapter V). We used fibroblast-
associated to cancer cells and breast cancer cells as biological models, which
were embedded in an alginate/gelatin hydrogel and extruded using a 3D printed.
According to our results, this 3D hydrogel model allowed cells to grow and
proliferate as well as to achieve a higher viability than conventional 2D cell culture.
Also, the 3D hydrogel created an environment that mimics the natural environment
of tumor cells since it allowed the formation of multicellular tumor spheroids which
increase in size over time. This study provides insights into reconstructing
biomimetic in vitro tissue co-culture models to study cell-cell and cell-matrix
interactions, and tumorigenesis mechanisms.

Finally, in chapter V, we incorporated nanomaterials to the alginate/gelatin
hydrogel. Since alginate is lacking of tunable physical properties, we modified

these characteristics by addition of CNx and chemical modification of alginate with



nanomaterials. Due to the low quantity of nanomaterials used, the mechanical
properties of alginate hydrogel was not modified; however, the cellular response to
hydrogel-CNy was better (more biocompatible) in contrast to the hydrogel alone,
suggesting that CNy play and important role in the proliferation of cells in 3D
cultures. Similar results were obtained when we used aginate/gelatin hydrogels
(with or without nanomaterials) showed biocompatibility with cells, as well as
alginate-wrapped CNy hydrogels. As a proof of concept, we used
alginate/gelatin+CNy hydrogel to create 3D structures using a bioprinted, where the
structures demonstrated a high stability after printed and well dispersion of cells in
the gel. The alginate/gelatin+CNy composite hydrogel can enable the ability to tune
properties such as the mechanical, electrical, or optical characteristics of the
otherwise inert alginate gel.

In conclusion, we present a full compilation of biocompatibility/toxicity of two kinds
of carbon nanomaterials as well as their potential used for several biomedical

applications such as material reinforcement, cellular scaffold and drug delivery.



2. Chapter |
Effect of graphene oxide on bacteria and peripheral blood

mononuclear cells

Driven by the potential biological applications of graphene, many groups have
studied the response of cells exposed to graphene oxide (GO). In particular,
investigations of bacteria indicate that there are 2 crucial parameters, which so far
have only been investigated separately: GO size and exposure methodology. Our
study took into account both parameters. We carefully characterized the samples
to catalog sizes and structural properties, and tested different exposure
methodologies: exposure in saline solution and in the presence of growth media.
Furthermore, we performed experiments with peripheral blood mononuclear cells
exposed to our GO materials. Atomic force microscopy, scanning electron
microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy and
transmission electron microscopy were used to characterize the morphology and

composition of different samples of GO: GO-H,O, GO-phosphate-buffered saline

(GO-PBS) and GO manually ground and dispersed in water (GO-MG).Our samples
had 2D sizes of ~100 nm (GO-H,O and GO-PBS) and >2 pm (GO-MG). We tested

antibacterial activity and cytotoxicity toward peripheral blood mononuclear cells of
3 different GO samples. A size-dependent growth inhibition of Escherichia coli
(DH5 a) in suspension was found, which proved that this effect depends strongly
on the protocol followed for exposure. Hemocompatibility was confirmed by
exposing peripheral blood mononuclear cells to materials for 24 hours; viability and
apoptosis tests were also carried out. Our experiments provide vital information for
future applications of GO in suspension. If its antibacterial properties are to be
potentiated, care should be taken to select 2D sizes in the micrometer range, and

exposure should not be carried out in the presence of grow media.
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1. Introduction

The attention that graphene has attracted since its isolation in 2004 is
undeniable [1]. Over the years, an increasing number of scientific groups have
been seduced by its amazing electronic, mechanical, optical and thermal
properties, and evidently, by its innumerable potential applications [2]. However,
due to the hydrophobic nature of pristine graphene, in biomedicine, graphene oxide
(GO) is considered a better alternative thanks to its hydrophilicity, amphiphilicity
and availability of functional groups attached to its surface or edges [3]. Along with
the debut of graphene and GO in biological applications has come the necessity of
studying their biocompatibility [4-13]. Of particular interest have been the reported
antibacterial properties of GO [5, 7-11, 14].

Akhavan and Ghaderi [7] argued that the adverse effect of graphene on

bacteria is to be attributed to membrane damage by the numerous sharp edges of



GO, while others have focused on oxidative stress as the toxic mechanism [8]. A
recent paper by Mangadlao and coauthors [15] reported on the fabrication of GO
films through the Langmuir-Blodgett technique, where graphene sheets lie flat on a
polyethylene terephthalate (PET) substrate. Thus the sharp edges of GO were not
available to pierce the membranes, and yet antibacterial activity was still observed,
suggesting that the antibacterial activity of GO does not rely on membrane damage
by its sharp edges.

Liu and coauthors [14] conducted experiments that showed that the
antibacterial effect of GO depends on the sheet size, suggesting that large
graphene sheets wrap bacteria and block interactions, isolating them from the
environment, while small sheets interact with bacterial surfaces in a non-harmful
way. These results confirmed the encapsulation by graphene reported previously
by another group in 2011 [16]. Many groups have studied the response of bacteria
exposed to GO, and although many researchers have agreed on its antibacterial
effect [5, 7, 8, 11, 13], a couple of research groups have reported a contrary effect
[9, 10]. Ruiz et al [9] confirmed a GO enhancement effect on Escherichia coli
proliferation, and Das et al [10] confirmed the kinetic growth of Pseudomonas
aeruginosa and E. coli in the presence of GO. These early controversial reports
have led to more investigations into the subject. Recently, Hui and coworkers [17]
conducted experiments where they demonstrated that the discrepancies regarding
the antibacterial effects of GO lie in the way that GO is exposed to the bacteria.

When bacteria is exposed to GO in pure saline solution, the antibacterial
effect is observed; however, this antibacterial activity decreases progressively

when increasing amounts of Luria-Bertani (LB) broth are added to the saline



solution. They attribute this decrease of bactericidal activity to the absorption of LB
molecules on the surface of the graphene; hence, the more the graphene surface
is free from adsorbates, the greater the antibacterial effect it will have. Although
this piece of research is very valuable and clarifies the controversial results above
discussed, it lacks important information about the characterization of the GO used
and does not take into account the size-dependent antibacterial effect reported by
Liu and coauthors [14]. Moreover, an inspection of the GO materials shown on
their figures demonstrates a size-heterogeneous sample.

As described above, different groups have attempted to study the
antibacterial effect of graphene and have found 2 major influential parameters: size
and exposure methodology. Our study brought together both approaches. We
carefully characterized the samples to catalog the sizes and structural properties
and tested different exposure methodologies: exposure in saline solution and
exposure in the presence of growth media. Our results indicated that the
antibacterial effect was not only size dependent but also depended on the
exposure technique.

When it comes to cytotoxicity toward mammalian cells, the picture is not any
more uniform [4, 12, 13, 18-25]. Some groups have reported on the
biocompatibility of graphene [4, 13, 18, 21-23, 25], while others have discussed its
toxicity in terms of concentration and degree of oxidation [12, 19, 20, 26]. The
same dilemma applies to its hemocompatibility [12, 22, 27, 28]. In any case, many
authors who have written reviews on this topic [23-25, 29, 30] have agreed on the
need to standardize protocols for the evaluation of cytotoxicity, be-cause many

studies are not comparable due to differences in synthesis and processing



methods of GO which yield a wide spectrum of physicochemical properties. Sheet
size, surface functionalization, degree of oxidation, purity and defects are some of
the parameters of GO that vary from one report to the other, rendering it very
difficult to draw conclusions from the available literature.

We carried out atomic force microscopy (AFM), scanning electron
microscopy (SEM), Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) to study the morphology and structure of different GO materials. We also
performed an exhaustive series of experiments to test the effects of our GO
samples on bacteria and mammalian cells. We produced graphite oxide (GtO) from
expanded graphite using the modified Hummers method, followed by a purification
process. Using this GtO, we obtained 3 different materials: GO dispersed in water

for 6 hours in an ultrasonic bath (GO-H,0), GO dispersed in phosphate-buffered

saline (PBS) for 6 hours in an ultrasonic bath (GO-PBS) and GO manually ground
and dispersed in water (GO-MG). We confirmed that the antibacterial effect of GO
is size dependent and proved that the protocol for exposure plays a crucial role.
Our experiments with peripheral blood mononuclear cells (PBMCs) confirmed the

hemocompatibility of our different GO materials for the exposure protocol used.

2. Materials and methods
2.1 Graphite Oxide (GtO) production

We obtained graphite oxide from expanded graphite (from Nacional de
Grafite, Brasil) using the modified Hummers method [31], followed by a purification

process. Concentrated H,SO, (9.2 mL) was added to a mixture of expanded

10



graphite (Provided by Nacional de Grafite, Brasil, 0.4 g) and NaNO3 (0.2 g) in an
ice bath. KMnO,4 (1.2 g) was added slowly to keep the temperature of reaction
lower than 20 °C. The mixture was warmed to 35 °C and stirred for 30 min. After,
water (18.2 mL) was added slowly to the medium promoting a large exothermic
reaction and increasing the temperature up to 98 °C. An external heating was used
to maintain the reaction temperature at 98 °C for 15 min, then a water bath was
used to cool the reaction for 10 min. Additional water (55.3 mL) and 30% v/v H,0,
(0.4 mL) were added to stop reaction, producing another exothermic process.

After the oxidation reaction the brown-colored slurry was washed with HCI
solution (180 mL of water and 20 mL of 30% v/v HCI solution) for removal of
metallic ions. Then, the solution was exhaustively washed with water and
centrifuged to remove impurities until the pH of the supernatant become neutral.
The residual water was removed through freeze drying process.

GO materials preparation

The different materials used in this study (GO-H,0O, GO-PBS, GO-MG) were

derived from graphite oxide (GtO) which was obtained by the modified Hummers
method followed by the purification process described above.
For the preparation of GO-H,0, 6 mg of GtO were added to 3 ml of Milli-Q grade
water leading to a concentration of 2 mg/ml, then this solution was dispersed using
an ultrasonic bath for 6 hours. The resulting material consisted of a dark colored
solution that showed to be very stable and as time passed no segregation of the
material occurred.

To prepare GO-PBS, 6 mg of GtO were diluted in 6 ml of sterile PBS

(phosphate-buffered saline) (concentration 1 mg/ml), followed by 6 hours of

11



dispersion by ultrasonic bath. The resulting solution was homogenous however
after time passed the GO tended to segregate at the bottom of the vial. The color
of the solution was similar to that of GO-H,O (black brown).

GO-MG was prepared using a mortar, 6 mg of GtO were manually ground
for 5 minutes, during this time 2 ml of Milli-Q H,O were added to the mortar and the
other 4 ml were used to wash away the material from the mortar and to recover it in
a vial (final concentration 1 mg/ml), then the material was subjected to 8 min
dispersion in an ultrasonic bath. The morphology of the sample was very different
to that of GO-H,O and GO-PBS, the color of the solution was dark gray and small
dark particles were visible, segregation of the material occurred when left

overnight.

2.2 Raman spectroscopy

Raman spectroscopy analyses were carried out on a Witec Alfa 300
spectrometer, with a 532 - nm laser line in backscattering configuration using a
microscope with a *50 objective. The laser power was kept under 0.1 mW to avoid

local heat damage to samples. All spectra were acquired with 10 accumulations of

-1 -1
10 seconds of integration time in the region between 100 cm and 3,600 cm .

2.3 Atomic force microscopy
To carry out AFM imaging of the different GO samples, we deposited a

diluted solution of each GO on a Si/SiO, wafer by drop casting. The drop was

carefully rolled over the wafer to uniformly disperse single layers and a few layers

12



of GO. Finally, the excess of solution was blown off with nitrogen (N,). The

samples were dried in ambient conditions for 24 hours. The AFM images were ob-
tained in intermittent contact mode with a JPK Nanowizard 3 using a silicon nitride

tip (spring constant of 40 N/m).

2.4 Transmission electron microscopy

Dispersed solutions of the different GO materials were used to deposit them

on Cu_holey carbon grids (300 mesh). A probe-corrected FEI Titan 80-300
microscope was used at 80 kV to minimize beam damage effects. Conventional
bright field images and high-resolution transmission electron microscopy (HRTEM)
images were taken. Electron energy loss spectroscopy (EELS) measurements
were done in spectroscopy mode (STEM-PEELS) using a GIF 866 camera under
the following experimental conditions: a = 58.5 mrad, GIF aperture = 2.5 mrad,

dispersion = 0.02 eV/ch with ZLP_ . resolution of 0.8 eV.

2.5 Scanning electron microscopy
The GO solutions were diluted to a concentration of 5 pg/mL using

deionized water. One drop of each solution was deposited on a 300-nm SiO,/Si

substrate kept at 50°C on a hot plate and allowed to dry. SEM images were
obtained at 15 kV and 50 pA, with secondary electron detection using the Through
Lens Detector (TLD-detector) in FEI Helios Nanolab 650.

2.6 X-ray photoelectron spectroscopy

XPS analyses were performed in an ultrahigh vacuum medium (pressure of
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10_9 mbar) using an Mg, Ka (hv = 1,253.6 eV) X-ray source, with power given by
emission of 20 mA, at a voltage of 15 kV. For the carbon element, the high-
resolution spectra were obtained with analyzer pass energy of 20 eV in steps of
0.05 eV. The binding energies were referred to the carbon 1s level of a neat

graphite sample, set as 284.8 eV.

2.7 Bacteria growth experiments

In the literature, many groups have tested the antibacterial activity of GO.
Although the early reports were contradictory, a recent study attempted to
elucidate the nature of these controversial effects [17]. The authors state that the
observed antibacterial effect is directly related to the availability of graphene’s
basal planes, and they further affirm that when GO is exposed to bacteria, its effect
is determined by the media in which the 3-hour exposure takes place. If the
exposure is carried out in a saline solution, then GO will have an antibacterial ef-
fect; when this exposure is carried out in LB broth growth medium, no antibacterial
effect was evidenced.

Having these results in mind and to avoid masking antibacterial effects by

the medium components, we decided to test the effect our GO-H,O material for the

growth of the gram-negative bacteria E. coli (DH5 a), probing 3 different exposure
times: 0, 1 and 3 hours in saline solution. Briefly, the experiment consisted of
growing E. coli in LB broth base (Invitrogen) at 37°C overnight. Then the culture

was changed with fresh medium and allowed to grow again to the exponential

7
phase. E. coli at 7x10 cells/mL was resuspended in saline solution (0.9% NacCl)

and incubated to a final concentration of 200 ug/mL of GO-H,O for 1 and 3 hours
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at 37°C and under agitation. As control, we used samples exposed to Milli-Q grade
water. After this step (referred to as exposure), cells along with the materials were
harvested by centrifugation at 10,000 RPM for 5 min to collect the cells along with
the materials and resuspended in 60 mL of fresh medium in flasks to get a final cell
concentration of 1.2x10° cells/mL; then, flasks were incubated at 37°C under
agitation (the recovery step) for 500 minutes. For the 0-hour-exposure
experiments, the cells were put in contact with the material and immediately
allowed to undergo the recovery step. After 500 minutes, the optical density at 600

nm (OD__ ) of the cell cultures was measured, readings were recorded 3 times and

600
all experiments were performed in triplicate.

To assess the growth of E.coli in contact with GO-PBS and GO-MG, the
same protocol was followed. 4x107 cells were put in contact with 200 pl of GO-PBS
(GO-MG) at different final concentrations (200 pug/mL, 20 pg/mL and 2 pg/mL), for
the control 200 ul of stile PBS (Milli-Q H,0O) were added and 800 ul of sterile saline
solution (0.9 % NaCl) were added to each tube to adjust to 1 mL.

After this preparation the tubes followed an “exposure” step of 1 hour at
37°C under agitation, then, were centrifuged at 10,000 RPM for 5 min, removing
the saline solution and resuspending the pellets in flasks with 60 ml of fresh LB
broth, leading to a concentration of 6.4x10° cells/mL. The flasks were placed at
37°C under agitation for 420 minutes, during this time lapse systematic ODggo
measurements were recorded (at 0, 120, 180, 210, 240, 270, 300, 330, 360, 390,
420 minutes). For each measurement three readings were recorded and each

experiment was performed in triplicate.
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We calculated the specific growth rate for the all kinetics of E. coli as
another parameter to determine the antimicrobial activity. We treated the data for
the control and the three different concentrations used (2 pg/ml, 20 pg/ml and 200

pg/ml), for the three different kinds of GO tested (GO-H,O, GO-PBS, GO-MG).

2.8 Peripheral blood mononuclear cells experiments.
We tested our materials on mammalian cells by exposing PBMCs to

different concentrations of GO-H,0, GO-PBS and GO-MG, and performed cell

viability and apoptosis tests after 24 hours. We separated peripheral blood
mononuclear cells (PBMCs) from freshly extracted blood from healthy individuals
(8-12 ml). The cells were isolated using Ficoll density gradient (1.077 g/cm®) by
centrifugation at 2,500 rpm for 20 min. PBMCs were collected, washed with PBS
and centrifuged at 1,500 rpm for 15 min. The supernatant was decanted, and the
cells were resuspended in RPMI-1640 medium (Sigma-Aldrich) with L-glutamine,
10% fetal bovine serum (FBS) (Gibco) and 1 % penicillin-streptomycin (Gibco) and
counted using a hemocytometer.

Then the cells were exposed to our materials at concentrations of 2, 20 and
200 pg/mL on multiwell culture plates and incubated for 24 hours at 37°C in a 5%
CO, humidified incubator, including a positive and a negative control. The negative

control consisted of only medium and cells, and positive control was 0.3% H_,O,,.

We performed trypan blue cell viability tests counting live/dead cells using a
hemocytometer. Experiments were performed in triplicate, that is, PBMCs from

three different individuals were used.
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Apoptosis was measured using Annexin-V-FITC Apoptosis Detection Kit
(eBioscience). PBMCs were exposed to GO at different concentration for 24 h,
following the procedure describe above. Cells were collected by centrifugation
1,500 rpm for 5 min. The cell pellet was resuspended in 100 yL of Annexin V
Binding Buffer and stained with Annexin V-FITC Apoptosis Detection Kit, according
to the manufacturer instructions. The samples were incubated at 4°C for 20-30

min. Later, the cells were analyzed using a flow cytometer BD®FacsCalibur.

3. Results
3.1 Sample characterization

We thoroughly studied the physical and chemical properties of our GO
materials. AFM, SEM and TEM were used to figure out the morphological
characteristics of the different samples, and EELS and XPS to understand their

chemistry. Our studies revealed that the GO-H,0 sample contained small

fragments of GO with average 2D sizes of 100 nm and 1 or 2 layers on thickness
(Figure 1a, d and g). The sample GO-PBS was very similar in morphology to GO-

H,O, as can be confirmed in Figure 1b and e. This was not a surprise since both

samples were subjected to the same preparation treatment (6 hours in ultrasonic
bath); however, the difference between the samples lay in the medium of
dispersion (i.e., for GO-PBS, PBS was used). This difference resulted in many PBS
residuals that accompanied the GO sheets. Figure 1h shows a TEM image of GO-
PBS where an impurity can be seen. Furthermore, Figure 2a and b shows an SEM

image where the impurities are clearly localized on top of the GO, and our XPS
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analysis revealed signals from Na, Cl, K and P that evidently came from PBS
residues.

Sample GO-MG showed very different characteristics. Figure 1c, f and i
reveal that GO-MG contained larger-area GO sheets, averaging several microns,

showing similar morphological characteristics to those of exfoliated graphene.

Nevertheless, structural damage in the honeycomb structure was detected.

GO-H20 GO-PBS

Figure 1. Representative atomic force microscopy (AFM) (a-c), scanning electron
microscopy (SEM) (d-f) and transmission electron microscopy (TEM) (g-i)
micrographs of graphene oxide (GO) samples: (a, d, g) GO-H,O; (b, e, h) GO-
phosphate-buffered saline (GO-PBS); (c, f, i) GO manually ground and dispersed

in water (GO-MG). Scale bars represent 500 nm in (a-c); 1 um in (d-f); and 2 nm, 5
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nm and 200 nm in (g), (h) and (i), respectively.
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FigureSn electron micrograph of the sample GO-PBS (a) and XPS

spectrum (b).

Our XPS analysis of the C binding energies confirmed the presence of sp2

(C=C) at 283.9 eV and carbon atoms out of regular sp2 configurations (C-C/C-H) at
284.8 eV as expected for GO [32]. Beyond that, other oxygenated carbon
functional groups were observed, such as phenol or epoxide (C-OH/C-OC)
between 285.8-286.3 eV, carbonyl groups (C=0) at 287.1 eV, carboxyl groups
(COOH) at 288.7 eV and the m-11* shakeup satellite at approximately 291.0 eV
typical of aromatic delocalized electrons [33]. Figure 3a and b shows XPS spectra

of GO-H,O and GO-MG, respectively. It is clear that although the nature of the

bonds present in both samples is the same, their distribution is different.

This was expected, as both samples were derived from GtO and dispersed

2
in water; however, the preparation method led to more sp hybridization in the GO-

H,O sample (18% against 9% in GO-MG; as confirmed by EELS results in Figure

4). On the other hand, the oxidized functional groups also showed differences in

composition: the most intense component for GO-H,O was the carbonyl groups

(C=0) (25%), which were preferentially located on the edges of graphene sheets,
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while for GO-MG, the most intense component was the third component, C-OH/C-
O-C (25%), typically located on the basal plane of graphene [34].

As mentioned above, the XPS analysis of the GO-PBS sample revealed the
presence of elements other than C and O, which were due to the diluent.
Representative Raman spectroscopy results are included in Figure 3c. Bulk

measurements of the GO materials revealed the strong presence of the D and G

bands, located at ~1,350 cm_1 and ~1,590 cm-l, respectively. All spectra shared

intense D bands and sharp G bands. We attribute such an intense defect-related

band (D band) to the presence of sp3 hybridization and to the high amount of

oxygen bonds which were perforce present on GO.
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Figure 3. (a, b) X-ray photoelectron spectroscopy (XPS) spectra of graphene oxide

(GO)-H,0O and GO manually ground and dispersed in water (GO-MG), respectively;
(c) Raman spectra of the GO materials.

However, the 11 ratio of the GO-PBS sample was the highest (1.1
compared with 0.97 for both GO-H,O and GO-MG) probably due to the presence

PBS residues, as confirmed by TEM and SEM. From a simple inspection, it is quite
obvious that the spectra of the 3 different GO samples are rather similar. For

samples GO-H,O and GO-PBS, this is expected, since the morphology of the
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samples is comparable (see Figure 1); however, although sample GO-MG

possesses very different characteristics, its Raman spectrum also looks similar.
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Figure 4. Carbon K edge EELS spectra after background subtraction of (a) GO-
H.O and (b) GO-MG. Peaks corresponding to the 1s — * (284 eV) and 1s — o*
(291 eV) transitions are observed. Comparison of both spectra confirms a higher

amount of sp? hybridization for GO-H,0.

This suggests a high level of defects due to the less regular sp2 carbon
structure, as detected by XPS and EELS. It is possible that the high D band is due

to the symmetry breakpoints that arise from in-plane defects (see Figure 1c), high

proportion of sp3 hybridization, OH-terminated edges and C-O bonds present in the

sample. From our characterization, we can conclude that GO-H,O and GO-PBS

share morphology features (~100 nm, 1-2 layers, amount of defects), while GO-MG

presents larger areas but the same average amount of defects. Regarding surface

. . N 3
chemistry, it can be concluded that all samples present a significant amount of sp

hybridization and oxygen species.
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3.2 Biocompatibility tests

Figure 5 shows the growth of E. coli in the presence of GO. Our results
showed that the presence of GO-H,O at such a high concentration did not have a
negative impact on bacterial cell growth (Figure 5a). For the 3 exposure times, the
OD values of the cultures with GO-H,O were quite similar to those of controls,
suggesting that the amount of living cells did not decrease in contact with GO-H,0.
It is worth mentioning the slight decrease in OD600 values for the 3-hour exposure
set; both samples (control and GO-H,0) showed lower values compared with those
of the 0-hour and 1-hour exposure sets. We attribute this to a uniform decrease in
the amount of living cells after 3 hours of agitation and the decrease of specific
growth rate (u) due to the lack of nutrients in the saline media. To avoid this effect,
we chose to perform exposures of 1 hour for our growth kinetic experiments.

To assess the effect of our different GO materials (GO-H,0, GO-PBS and

GO-MG), we performed a 7-hour kinetic study of the growth of E. coli, with an
exposure to the materials of 1 hour. We tested 3 different concentrations: 2, 20 and
200 pg/mL for each material. Conditions were similar to those in the above-
described experiment (see the section “X-ray photoelectron spectroscopy”) except

that during the recovery step, systematic OD_  readings were recorded from the

cultures.
Figure 5b, ¢ and d shows the results of our kinetic study of E. coli exposed

to GO-H,0, GO-PBS and GO-MG, respectively. From our above-described results,
we did not expect to find an antibacterial effect of the GO-H,O material, and such a

conclusion was confirmed by Figure 5b which shows that the 3 concentrations of
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GO-H,0O tested had no adverse effect on the growth of E. coli. Our characterization

showed that the morphology of the GO-PBS sample was quite similar to that of

GO-H,0O. Thus no antibacterial effect was expected from this sample either. Figure

3C confirms that the presence of GO-PBS at concentrations of 2, 20 and 200

pg/mL did not interfere with the growth of E. coli.

a) E. colif{GO-H:0 at different b) E. coli kinetics with GO-H:0
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Figure 5. (a) E. coli exposed to graphene oxide (GO)-H,O at different times (0, 1

and 3 hours) and incubated for 500 minutes in fresh Luria-Bertani medium for a
recovery process; (b-d) growth kinetics of E. coli exposed for 1 hour to different

concentrations of GO-H,O, GO-phosphate-buffered saline (GO-PBS), GO

manually ground and dispersed in water (GO-MG), respectively. Inset in (d)
contains the color codes assigned to the different concentrations used in the study,

which apply to graphs (b-d). Experiments were performed in triplicate, error bars
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stand for the standard deviation of the recorded values. OD = optical density;
*p<0.05, n = 3.
Our characterization evidenced the marked differences in morphology that

the GO-MG sample presented when compared with GO-H,O (see Figure 1). Such

differences proved to have a strong impact on the growth of E. coli at the highest
tested concentration (200 pg/mL). The results of our kinetic study (Figure 5d)
revealed that low doses of GO-MG (2 and 20 pg/mL) do not show any effect on the

growth of E. coli; however, a higher concentration (200 pg/mL) proved to have an
adverse effect on the growth, where p decreased to a value of 0.021 h' (x0.002)

compared with 0.0265 h_1 (x0.0009) for the control (Figure 6a).

We performed 1- and 2-way ANOVA with Dunnett’s post test to compare the
different concentrations used against the control. Values of p <0.05 were
considered as significant.

We conclude that the sample GO-MG at high concentration shows an
antibacterial effect which is the product of the high amount of large-area sheets
that wrap around the bacteria, isolating them and disabling their proliferation, in
good agreement with the reports of Liu et al [14] and Hui et al [17].

Our study revealed as well that the GO-MG antibacterial effect evidenced
here was the product of the interactions with GO during the exposure step, and
such an effect was not masked by the presence of LB growth medium during the
recovery phase. Furthermore, the absence of this exposure step in saline solution
(O-hour exposure) led to a complete suppression of the antibacterial effect of GO-

MG (Figure 7), suggesting an adsorption of LB on the surface of the graphene and
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an inability of the sheets to wrap and isolate E. coli — in good agreement with the

conclusions drawn by the group of Hui et al [17].

a) Specific growth rate of E.coli exposed to GO b) PBMC exposed to GO (24 hours)
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Figure 6. (a) Specific growth rate of E. coli in contact with graphene oxide (GO)
materials, calculated from the 7-hour growth kinetic study. *p<0.05, n =3; (b)
viability of peripheral blood mononuclear cells exposed to GO materials after 24

hours.
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Figure 7. Effect of GO-MG on E. coli at different exposure times, ODggo readings
were recorded after 220 minutes for exposures of 0, 1 and 3 hours.
3.3 Cytotoxicity to PBMCs

Results for the test of cell viability are shown on Figure 6b, indicating that
the presence of GO materials did not have a negative effect on the viability of cells

at 24 hours of exposure. The lowest viability identified was for the GO-H,O sample

at the highest concentration tested (200 pg/mL) with a value of 89.95% + 10.55%.
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For the rest of the samples, viabilty was above 90%, proving good
hemocompatibility, which is in agreement with previous reports on the subject [22,
27].

Apoptosis tests were conducted on PBMCs exposed to our materials for 24
hours at concentrations of 2 and 20 pg/ mL. We evaluated whether our materials
induced apoptosis of PBMCs, by flow cytometry using annexin V/propidium iodide
markers. Representative dot plots of the apoptosis assay are shown in Figure 8a-e.
Interestingly, for all of the materials for both concentrations tested, the percentage
of apoptotic cells was very close to that of the negative control (Figure 8f). In ad-
dition, we did not find any increase in necrotic cells when our materials were
present, as revealed by the propidium iodide marker, and no early apoptosis was
detected, which was revealed when only the annexin marker was used.

It is important to point out that the 24-hour exposure of GO samples to
PBMCs described above was done in the presence of RPMI-1640 medium with L-
glutamine, 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The
availability of nutrient molecules from the growth medium opens the possibility of
absorption of proteins into the GO basal plane masking thus its toxic effect. To
investigate this possibility, new sets of experiments are being designed and
performed, in which exposure of GO samples to PBMCs is carried out in the
absence of nutrient molecules, as in the case of bacteria.

4. Discussion

We performed a complete characterization of 3 different GO samples and

tested their toxicity to bacteria and PBMCs. GO-H20 and GO-PBS were obtained

by the same preparation method from GtO; a 6-hour sonication treatment produced
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GO dispersed in water (GO-H20) and in PBS (GO-PBS). These samples had 2D
dimensions of ~100 nm, consisted of 1-2 staked layers, had sp* hybridization and
were bonded to oxygen species. GO-MG was derived from GtO by manual
grinding and dispersed in water. This preparation led to a material of 1-2 layers
with 2D dimensions of several microns possessing many in-plane defects, along
with sp® hybridization and reactive oxygen species. Our experiments in suspension
proved that GO-H20 and GO-PBS did not show an antibacterial effect to E. coli,
while the presence of 200 pg/mL of GO-MG decreased its specific growth rate. It is
thus evident that not every type of GO will present antibacterial activity; this effect
is size-dependent, and small sheets do not interfere with bacteria growth, while

large sheets (several microns) tend to inhibit it.
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Figure 8. Results of the annexin V-FITC and propidium iodide (PI) assay.

Representative scatter diagrams of peripheral blood mononuclear cells (PBMCs):

27



(a) negative control, (b) positive control, (c-e) exposed to 20 pg/mL of graphene

oxide (GO)-H,O, GO-phosphate-buffered saline (GO-PBS) and GO manually

ground and dispersed in water (GO-MG), respectively; (f) summary of the
percentage of positive cells for annexin, Pl and annexin/PlI.

We proved as well that the protocol followed for exposure of GO-MG to
bacteria was vital for the outcome. While direct exposure of bacteria to all
concentrations of GO-MG in LB media did not show an adverse effect; if the first
contact was carried out in saline solution for 1-3 hours, then the presence of GO-
MG at 200 pg/mL would decrease the specific growth rate of E. coli. This
observation is in accordance with the results of Hui et al [17] and explains previous
contradictory results on the toxicity of GO to bacteria due to protocol discrepancies.

Experiments with PBMCs exposed to our GO materials indicated that no
adverse effect was observed after 24 hours, in good agreement with previous
studies; however, further studies are underway to account for the effect in the
absence of nutrient molecules that could be absorbed on the basal planes of GO
[22, 27]. For the applications of GO in biology, and in particular, if its antibacterial
properties are to be potentiated, it is thus very important to perform a
characterization of the material, giving special attention to its dimensions and

homogeneity, as well as to the protocol for exposure.

Acknowledgement
We thank B. Archanjo, M. Pojucan, M. Gutiérrez-Hernandez and E.

H. Ferreira for technical assistance.

28



References

[1] Novoselov KS, Geim AK, Morozov SV, et al. Electric field effect in atomically
thin carbon films. Science. 2004;306(5696): 666-669.

[2] Ferrari AC, Bonaccorso F, Fal’ko V, et al. Science and technology roadmap for
graphene, related two-dimensional crystals, and hybrid systems. Nanoscale.
2015;7(11):4598-4810.

[3] Chung C, Kim Y-K, Shin D, Ryoo S-R, Hong BH, Min D-H. Biomedical
applications of graphene and graphene oxide. Acc Chem Res. 2013;46(10):2211-
2224,

[4] Sun X, Liu Z, Welsher K, et al. Nano-graphene oxide for cellular imaging and
drug delivery. Nano Res. 2008;1(3):203-212.

[5] Hu W, Peng C, Luo W, et al. Graphene-based antibacterial paper. ACS Nano.
2010;4(7):4317-4323.

[6] Zzhang L, Xia J, Zhao Q, Liu L, Zhang Z. Functional graphene oxide as a
nanocarrier for controlled loading and targeted delivery of mixed anticancer drugs.
Small. 2010;6(4):537-544.

[7] Akhavan O, Ghaderi E. Toxicity of graphene and graphene oxide nanowalls
against bacteria. ACS Nano. 2010;4(10):5731-5736.

[8] Liu S, Zeng TH, Hofmann M, et al. Antibacterial activity of graphite, graphite
oxide, graphene oxide, and reduced graphene oxide: membrane and oxidative
stress. ACS Nano. 2011;5(9): 6971-6980.

[9] Ruiz ON, Fernando KAS, Wang B, et al. Graphene oxide: a nonspecific
enhancer of cellular growth. ACS Nano. 2011;5(10): 8100-8107.

[10] Das MR, Sarma RK, Saikia R, Kale VS, Shelke MV, Sengupta P. Synthesis of

29



silver nanoparticles in an aqueous suspension of graphene oxide sheets and its
antimicrobial activity. Colloids Surf B Biointerfaces. 2011;83(1):16-22.

[11] Santos CM, Tria MC, Vergara RA, Ahmed F, Advincula RC, Rodrigues DF.
Antimicrobial graphene polymer (PVK-GO) nanocomposite films. Chem Commun
(Camb). 2011;47(31): 8892-8894.

[12] Liao K-H, Lin YS, Macosko CW, Haynes CL. Cytotoxicity of graphene oxide
and graphene in human erythrocytes and skin fibroblasts. ACS Appl Mater
Interfaces. 2011;3(7):2607-2615.

[13] Wojtoniszak M, Chen X, Kalenczuk RJ, et al. Synthesis, dispersion, and
cytocompatibility of graphene oxide and reduced graphene oxide. Colloids Surf B
Biointerfaces. 2012;89:79-85.

[14] Liu S, Hu M, Zeng TH, et al. Lateral dimension-dependent antibacterial activity
of graphene oxide sheets. Langmuir. 2012;28(33):12364-12372.

[15] Mangadlao JD, Santos CM, Felipe MJ, de Leon AC, Rodrigues DF, Advincula
RC. On the antibacterial mechanism of graphene oxide (GO) Langmuir-Blodgett
films. Chem Commun (Camb). 2015;51(14):2886-2889.

[16] Akhavan O, Ghaderi E, Esfandiar A. Wrapping bacteria by graphene
nanosheets for isolation from environment, reactivation by sonication, and
inactivation by near-infrared irradiation. J Phys Chem B. 2011;115(19):6279-6288.
[17] Hui L, Piao J-G, Auletta J, et al. Availability of the basal planes of graphene
oxide determines whether it is antibacterial. ACS Appl Mater Interfaces.
2014;6(15):13183-13190.

[18] Zzhang L, Xia J, Zhao Q, Liu L, Zhang Z. Functional graphene oxide as a

nanocarrier for controlled loading and targeted delivery of mixed anticancer drugs.

30



Small. 2010;6(4):537-544.

[19] Sasidharan A, Panchakarla LS, Chandran P, et al. Differential nano-bio
interactions and toxicity effects of pristine versus functionalized graphene.
Nanoscale. 2011;3(6):2461-2464.

[20] Wang K, Ruan J, Song H, et al. Biocompatibility of graphene oxide. Nanoscale
Res Lett. 2011;6:8.

[21] Chang Y, Yang S-T, Liu JH, et al. In vitro toxicity evaluation of graphene oxide
on A549 cells. Toxicol Lett. 2011;200(3): 201-210.

[22] Sasidharan A, Panchakarla LS, Sadanandan AR, et al. Hemocompatibility and
macrophage response of pristine and functionalized graphene. Small.
2012;8(8):1251-1263.

[23] Pinto AM, Goncalves IC, Magalhdes FD. Graphene-based materials
biocompatibility: a review. Colloids Surf B Biointerfaces. 2013;111:188-202.

[24] Yang K, Li Y, Tan X, Peng R, Liu Z. Behavior and toxicity of graphene and its
functionalized derivatives in biological systems. Small. 2013;9(9-10):1492-1503.
[25] Seabra AB, Paula AJ, de Lima R, Alves OL, Duran N. Nanotoxicity of
graphene and graphene oxide. Chem Res Toxicol. 2014;27(2):159-168.

[26] Zzhang W, Yan L, Li M, et al. Deciphering the underlying mechanisms of
oxidation-state dependent cytotoxicity of graphene oxide on mammalian cells.
Toxicol Lett. 2015;237(2):61-71.

[27] Paul W, Sharma CP. Blood compatibility and biomedical applications of
graphene. Trends Biomater. Artif. Organs. 2011;25:91.

[28]. Singh SK, Singh MK, Nayak MK, et al. Thrombus inducing property of

atomically thin graphene oxide sheets. ACS Nano. 2011;5(6):4987-4996.

31



[29] Jastrzebska AM, Kurtycz P, Olszyna AR. Recent advances in graphene family
materials toxicity investigations. J Nanopart Res. 2012;14(12):1320-1341.

[30] Guo X, Mei N. Assessment of the toxic potential of graphene family
nanomaterials. J Food Drug Anal. 2014;22(1):105-115.

[31] Hummers WS, Offeman RE. Preparation of Graphitic Oxide. Journal of the
American Chemical Society, v. 80 (6), p. 1339, 1958.

[32] Estrade-Szwarckopf H. XPS photoemission in carbonaceuous materials: a
“defect” peak beside the asymmetric peak. Carbon. 2004;42(8-9):1713-1721.

[33] Rozada R, Paredes JI, Villar-Rodil S, Martinez-Alonso A, Tascon JM. Towards
full repair of defects in reduced graphene oxide films by two-step graphitization.
Nano Res. 2013;6(3): 216-233.

[34] Yang D, Velamakanni A, Bozoklu G, et al. Chemical analysis of graphene
oxide films after heat and chemical treatments by X-ray photoelectron and micro-

Raman spectroscopy. Carbon. 2009;47(1):145-152.

32



3. Chapter I

Effects of nitrogen-doped multi-wall carbon nanotubes on murine fibroblasts

Carbon nanotubes (CNTs) exhibit a number of unique properties that make them
attractive for biomedical applications. However, the cytotoxicity of CNTs is a critical
issue to human safety. The effect of nitrogen-doped multi-wall carbon nanotubes
(CNy) on the proliferation of NIH-3T3 murine fibroblasts is presented. CNTs were
dispersed in distillated water and incubated with mammalian cells in order to
evaluate their toxicity. Also, the influence of factors such as dosage (7 and 70
pg/ml), exposure time (24 to 96 h), and the exposure route (before and after cell
liftoff) on the cell proliferation was evaluated. When the CNy were simultaneously
incubated with the cells, the control culture reached a maximum cell concentration
of 1.3x10°+3.4x10%cells per well at 96 h, whereas in cultures with 7 ug/mL reached
2.6x10%+5.3x10° cells, and a drastic no cell survive was observed at 70 pg/mL of
CNx. The CNy that were added 24h after cell dissociation showed that live cells
decreased, with a cell concentration of 9.6x10* +9x10%*or 7 pg/mL and 5.5x10*
+9.5x10° for 70 pg/mL, in contrast to control cultures with 1.1x10°+1.5x10%. The
results showed that the CNy had cytotoxic effects depending on the concentration
and exposure route. Furthermore, concentrations of 7 ug/ml of these nanomaterials
seemed to be well tolerated by the cells, and they could be used in biomedical

applications.
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1. Introduction

A wide range of nanomaterials has been developed for several applications
over the past few years. Due to their physical, chemical, electrical and thermal
properties, and since their discovery in 1991[1] carbon nanotubes (CNTs) have
shown a potential for use in drug delivery, biosensor, antimicrobial nanocomposite
film and cellular scaffolding. CNTs are tiny hollow cylinders, made from a single,
double or several layers of graphene that are concentrically arranged and capped
by fullerene hemispheres. They have diameters ranging from a few nanometers,
0.4 to 2 nm for single walled carbon nanotubes (SWCNTSs), 2 to 200 nm for multi-
wall carbon nanotubes (MWCNTSs), and lengths ranging from hundreds of
nanometers to micrometers [1-3]. Since CNTs have an asbestos-like shape,
research into their toxicity and potential risks to human health has been intensified
[4-7].

Studies on cellular response in non-functionalized or functionalized (addition
of functional groups on a graphite surface) MWCNT have been extensive.
Chemical doping (carbon atoms substitution) with nitrogen of CNTs (CNy) was

suggested to have positive effects on mice survival [8] and showed an
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improvement in cell-adhesion strength, viability and proliferation of mammalian
cells [3,9], in contrast with the MWCNT. However, cytotoxic effects of CNy have
also been reported, where long length CNyx were more toxic than others
functionalized CNTs [10]. Researches have demonstrated that cells exhibited
variable responses to CNTs depending on different factors such as the method of
synthesis, impurities, length and diameter, type (pristine, functionalized, doped),
degree of dispersion/agglomeration, dispersant, CNT concentration, time
exposure, cellular type and protein adsorption, [2,5,6,8,11,12]. Due to the
inconsistency in CNy biocompatibility, more studies regarding to cell response to
these nanomaterials are necessary.

In the body, cell motility and wound healing is carried out by cell
detachment, which is generated by proteolytic processes using endogenous
proteases [13]. One of the most common enzymatic methods used for cell
detachment in adherent-cell-subculture is trypsinization, trypsin cuts adhesion
proteins to yield disaggregated cells with a rounded appearance. Although many
cells are able to tolerate trypsin digestion during a short period of time,
trypsinization causes cell stress affecting cytoskeleton proteins that are involved in
regulating cell adhesion, stability and elasticity [14-16].

CNTs have the capacity to adsorb a wide range of proteins, especially those
rich in histidine, tryptophan and phenylalanine [12], also to adhesion proteins from
extracellular matrix (fibronectins, collagen) and transmembrane-proteins (integrins)
[17]. Since enzymatic cell detachment can produce residual fragments of adhesion
proteins. These fragments could interact with CNTs altering the extracellular matrix

metabolism which is regulated by a complex mechanism including cell-cell and
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cell-matrix interactions [13,17]. For this reason, the knowledge of cell-CNTs
interactions is essential for cell scaffold development that is used in tissue
regeneration.

The aim of this study was to evaluate the possible toxic effect of CNy on
NIH-3T3 murine fibroblast stressed by enzymatic detachment and non-stressed
cells. In which, a natural cell detachment stress was simulated by a trypsin
incubation during a short period of time. Exposure route was defined in this work
as the way to add nanomaterials to cell cultures (stressed and non-stressed cells).
Besides several parameters are required to determine if new materials are safe for
biomedical use, the effects of CNy concentration and exposure time were also

evaluated.

2. Materials and methods
2.1. Synthesis, purification and characterization of CNy

In this way, CNy were synthesized by using the chemical vapor deposition
(CVD) method. As a chemical precursor 2.5 wt% ferrocene in benzylamine was
used, the solution was placed into a reservoir and atomized. The aerosol was
carried by an Argon flow at 2.5 L/min into a quartz tube 100 cm in length, placed
inside of a two tubular furnaces heated at 850°C. After 30 min of synthesis, the
quartz tube was then cooled at room temperature and the CNy were collected by
internal scraping. Then, the pristine CNy were purified and dispersed by using a
pulsed probe sonicator in water under reflux, followed by a reflux in 6M HCI and

filtration.

36



Consequently, the purified CNyx were analyzed by scanning electron microscopy
(SEM) as follows: first, the nanomaterials were pounded into a whole powder and
separated into equal portions. Then, each portion was loaded into pins and
visualized by SEM (Philips-XL 30 SFEG; Dual Beam (FIB/SEM) FEI-Helios
Nanolab 600 equipped with an EDX detector) to determine lengths, diameters and
chemical composition of CNy. Raman characterization was performed using a laser

of 633 nm in a Raman Renishaw Micro-Raman equipment.

2.2. Preparation of dispersion of purified CN

Stocks of purified CNy were dispersed at 1 mg/mL in: 1) basal-IMDM
[Iscove's Modified Dulbecco's Medium (IMDM) (SIGMA) pH 7.2 supplemented with
10% fetal bovine serum (GIBCO), 100 U/mL penicillin, 100 pg/mL streptomycin and
0.25 ug/mL amphotericin B (SIGMA)], 2) ethanol, and 3) distillated water. Then, the
samples were sonicated by an ultrasonic bath at 42 kHz and100 W (Branson 2510
Ultrasonic Cleaner), at 40°C for 8 h, having as a result stable dispersions; these
conditions were strong enough to obtain no visible agglomerates of purified CNy.

Finally, all the stocks were stored at 4°C until further use.

2.3. Cytotoxicity assays

The effects of purified CNy on the viability of NIH-3T3 murine fibroblast were
evaluated by using the Trypan-blue exclusion method. Briefly, the cells were
defrosted and cultured in a basal-IMDM, using 24-well plates (Corning) over a
period of 72 h in a humidity chamber at 37°C and CO;, 5% (Shell-Lab). After three

passes, when 80% of cellular confluence was reached, the cells were twice-
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washed gently with PBS (pH 7.2) and then harvested by incubation with trypsin-
EDTA (0.25%-1X, GIBCO) for 10 min. Cell suspensions with a density of 2x10°
cells per well were added into 96-well plates in absence or presence of purified
CNy at final concentrations of 7 and 70 pg/mL dispersed in basal-IMDM, ethanol or
distillated water. For exposure route experiments, purified CNy were added: 1)
immediately after cell dissociation (stressed cells) or 2) fibroblasts were firstly
incubated for 24 h and then purified CNy were added into each well (non-stressed
cells). Due to ethanol toxicity, CNTs dispersed in ethanol were incubated alone into
96-well plates for 24 h at 37°C to evaporate the ethanol; then, fibroblasts were
immediately placed into each well after cell liftoff.

Samples were twice washed gently with PBS, incubated with trypsin for 6
min and cells were counted by using the Trypan blue method. During the 96 h of
exposure with the nanomaterial, samples were taken each 24 h. NIH-3T3 cell
cultures without nanomaterials were used as control. To avoid variation on purified
CNy concentration in cell cultures when medium was changed, kinetics were

carried out using a working volume of 250 pL without medium replacement.

2.4, Statistics

The data is presented as the mean + standard deviation, with a statistical
comparison of one and two ways ANOVA. We used Dunnett’s post-tests to
compare treatments with control groups, and p-values < 0.05 were considered

significant. All experiments were done in triplicate.
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3. Results and discussion
3.1. Determination of length and diameter of purified CNy

Figurel shows SEM micrographs and size distribution of purified CNy.
Micrographs by the XL30 and Helios are shown in Figure 1a and 1c, respectively.
A few bundles were found in purified CNy samples to determine the lengths of
nanomaterials (Figure 1a). The length range were 10 to 130 um, being the most
abundant lengths of 40-50um (Figure 1b). In micrographs of purified CNy, the
nanomaterials seemed like to have similar diameters (Figure 1c), but after an
analysis with the Helios microscopy, the diameter sizes were around 10-80 nm,

with a diameter predominance of 20-40 nm (Figure 1d).
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Figure 1. SEM micrographs of CNx morphology and size distribution. Lengths were

obtained from bundles of purified CN (a, pointed with yellow arrows) and plotted to
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generate distribution patterns. Diameters were obtained from individual tubes from
Helios SEM images (c) and distribution was plotted (d).

Nanomaterial sizes were obtained from their own bundles and short “fibrous”
structures (Figure 2). The numbers of bundles among different samples of purified
CNy were few (around 38 bundles) (Figure 2a-c, yellow arrows) as well as in
between the same sample (Figure 2d-f). Since purified CNy samples were mostly
agglomerated in big structures by dry process, the determination of their total
lengths was difficult, thus only the bundles lengths were reported. The presence of
amino groups in the CNy could be the reason to find less bundles in samples, due

to their weaker van der Waals, resulting in lower formation of bundles [8].

Figure 2. Representative SEM images of whole sample dry purified CNy. (a-c)
different parts of sample from whole sample, (d-f) same sample different fields.
Yellow arrows pointed bundles of purified CNy. Big structures are agglomerates of

CNTs which were easy to disperse in water.
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3.2. Raman and EDX characterization of pristine and purified CN

Figure 3 shows the Raman spectra of pristine and purified CNy plotted
between 100 and 3000 cm™. The bands D (defect mode), G (graphite mode),
G’(second order mode) situated at 1340, 1592 and 2686 cm™, respectively, are the
typical peaks corresponding to carbonaceous materials. In the case of purified
CNy, the shifting to higher frequencies of G band suggests that nitrogen doping
decreased. The Ip/lg values were 1.1488 and 1.2815 for pristine and purified CNy,
respectively. This increasing in Ip/lg ratio has been suggested as an evidence for

sidewall functionalization of CNTs [18,19].
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Figure 3. Raman spectra of pristine and purified CNy at 633 nm.

Respect to chemical composition of our CNy (pristine and purified), EDX
analysis was carried out. Figure 4 and Figure 5 show the SEM images and their
respective EDX graphs. The average quantity of iron in pristine samples was of
2.22 wt% (Figure 4), which decreased after purification process to 0.61 wt%

(Figure 5), indicating the elimination of this contaminant.
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Figure 4. SEM micrograph of pristine CNy taken form tip (a), middle (c) and root
part (e) and their respective EDX analysis (b,d,f). The quantity of iron was of 2.85
wt %, 1.82 wt% and 2 wt% for tip, middle and root part, respectively. In average the
other elements was: carbon: 83.04 wt%, nitrogen: 9.51 wt%, oxygen: 5.15 wt%.

Yellow arrows pointed some iron particles found in the root part.
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Figure 5. SEM micrograph (a) and EDX analysis (b) of purified CN4. The chemical
composition of CNywas carbon: 84.88 wt%, nitrogen: 8.07 wt%, oxygen: 6.45 wit%,
and iron: 0.61 wt%. The iron quantity decreased in purified CNy compared to

pristine CNy.

3.3. Effect of purified CNy on murine fibroblasts non-stressed and stressed
NIH-3T3 murine fibroblasts were used as a model for stromal cells, which
can be found in matrix and connective tissue throughout the body. To evaluate the
effect of the dispersant medium, CNy were dispersed in three different solutions
(basal-IMDM, distillated water, and ethanol). Figure 6 shows the comparison
among growth kinetic of fibroblasts incubated with CNy dispersed in different
mediums. A drastic decrease of cell proliferation was founded when 7 pg/mL CNy
dispersed in basal-IMDM or distillated water was added immediately after cell
tripsinization, this comparing to ethanol-dispersed CNy (Figure 6a), enhancing the
toxic effect when nanomaterial concentration and time were increased (Figure 6b).
For CNy incubated 24 h after cell liftoff, cells did not show significant differences

among ethanol, basal-IMDM and distillated water using 7 pg/mL CNy (Figure 6¢) or
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70 pg/mL (Figure 6d), except for 48 h samples. These results suggest that the toxic

effect of CNy on fibroblast is time, concentration and exposure-way dependent.

150 © Basal-IMDM (a) © Basal-IMDM (b)
B Distillated Water 1504 B Distillated Water
w # Ethanol RERTRPRP e w # Ethanol *
2 : 3 S
= -
c c
(o] (=]
o o
Y N
(«] [=]
2 2
o S
= s
> >

0 24 48 72 96 0 24 48 72 96
Nanomaterial Exposure Time (h) Nanomaterial Exposure Time (h)
150y © Basal-IMDM (c) 4504 © Basal-IMDM (d)
B Distillated Water B Distillated Water
w A Ethanol o # Ethanol
g * g *
- -
= c
Q o 10
Q Q
L b
5] o
X s
2 2 50
8 o)
S K
> >
P
0 24 48 72 96 0 24 48 72 96
Nanomaterial Exposure Time (h) Nanomaterial Exposure Time (h)

Figure 6. Viability of NIH-3T3 murine fibroblast incubated with CNy dispersed in
basal-IMDM, distillated water or ethanol. CNx 7 pg/mL (A) or 70 pg/mL (B)
incubated immediately after cell liftoff. CNx 7 pg/mL (C) or 70 ug/mL (D) incubated
24 h post cell dissociation. Data are normalized respect to control cells and are
presented as mean = SD. * indicates significant difference compare among
dispersants (P < 0.05). n = 3.

Dispersion/agglomeration of CNTs and dispersant solvents play an
important role in cytotoxicity [5, 6, 20]. According to our results, CNy dispersed in
basal-IMDM, distillated water, and ethanol showed different degrees of toxicity,

which are also related with exposure way. CNy were less toxic when dispersed in

44



ethanol compared to basal-IMDM and distillated water dispersants. This might be
explained by the chemical properties of the dispersant mediums as well as the
intrinsic nanomaterial properties that can produce the formation of bundles of
CNTs [21,22]. Nevertheless, we did not find macroscopic bundles in any of three
solutions employed.

CNy dispersed in ethanol were used as scaffold-like structure for cell growth
and the interaction with cells could be lower compare with basal-IMDM and
distillated water. Furthermore, since CNy can adsorb proteins for culture medium
(basal-IMDM) modifying the physicochemical properties of nanomaterials, the next
experiments were carried put using CNy dispersed in distillated water.

Figure 7 shows the kinetics of fibroblasts growth with water-dispersed
purified CNy. When the cells were incubated simultaneously with the purified CNy,
the control culture (without purified CN,) reached a maximum live cell
concentration of 1.3x10°+3.4x10%cells per well at 96 h, meanwhile cultures with 7
Hg/mL reached 2.6x10%+5.3x10° cells, and a drastic no cell survive was at 70
pug/mL of purified CNy (Figure 7a). Purified CNy added after 24 h of cell dissociation
showed a decreased live cell, with a cell concentration of 9.6x10* +9x10for 7
ng/mL and 5.5x10* +9.5x10° for 70pg/mL, compared to control culture with
1.1x10°+1.5x10% at 96 h of exposure (Figure 7b). Results suggest that
nanomaterials exhibited toxic effects, in concentration and exposure route-
dependent. No effects concerning on time exposure were observed.

Murine fibroblasts were susceptible to purified CNy in concentration and
exposure route-dependent manner. As previously mentioned,

toxicity/biocompatibility of CNTs (SWCNT, MWCNT, functionalized CNTs) on
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mammalian cells depends on different factors [6,23,24]. A lot of data research has
shown the toxicity of CNTs [25-28] in human mesenchymal stem cells [29], 3T3 L1
fibroblasts [30], 3T3 fibroblast, telomerase, immortalized human bronchiolar
epithelial cells, RAW 264.7 macrophages [6], mouse fibroblast cell L929 and
mouse adipose-derived stem cells [3], but, to our knowledge, no experiments about
the effects of CNTs have been reported on mammalian cells stressed by enzymatic

detachment, which is a natural process in the body.
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Figure 7. Effects of water-dispersed purified CNy on NIH-3T3 murine fibroblast
proliferation. Purified CNy were incubated with fibroblast immediately after cell
dissociation (a) or 24 h after cellular liftoff (b). Data are presented as mean + SD. *
indicates significant difference compare to untreated controls (P< 0.05), n = 3.
Treatments with water-dispersed purified CNy immediately added after cell
liftoff (stressed cells by trypsin) were more toxic than purified CNy added after 24 h
of cell dissociation, suggesting that exposure route factor had negative effects on
cell proliferation. This could be explained due to interaction of CNTs with residual
fragments of adhesion proteins generated after cell trypsinization [12], which can
still adversely affect over cytoskeleton proteins that are involved in regulating cell

adhesion, stability and elasticity [14-16,31]. However, in this work only the cell
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proliferation was evaluated as a first approach to determine the purified CNjy
toxicity; therefore, more studies are required and are currently underway.

Specific growth rate (1) was calculated from exponential growth phase of
fibroblasts and used as a parameter to evaluate the effect of purified CNy on cell
growth. In 7 pg/mL of dispersed-water purified CNy incubated simultaneously with
cells, the p was lower (0.031+0.004 h™) than control cultivation (0.048+0.004 h™);
since no cells survived at 70 pg/mL, p was not determined. Concerning to
incubation of cells with nanomaterials for 24 h after cell liftoff, values of pu were
0.044+0.002 h™ for control culture, 0.037 + 0.002 h™ and 0.035+0.001 h™ for
purified CNy at 7 and 70 pg/mL, respectively; both concentrations affected
negatively the . Results confirm a cytotoxic effect that is concentration and

exposure route dependent.

3.4. Morphology diversity of pristine CNy

In several investigations about cytotoxic effects of CNTs, these
nanomaterials are purchased from companies, which are synthesized by CVD.
However, researchers have reported different patterns in the bulk growth of CNTs
during their synthesis, showing that the CVD method produces a wide range of
CNTs morphologies with varieties of lengths and diameters [32]. In preliminary
results, different fractions from the same batch were analyzed by SEM showing a
wide collection of pristine CNy sizes (Figure 8), with lengths of range between 30-
250 um (Figure 8a) and diameters of 24-60 nm (Figure 5b). Figure 9 shows a SEM
micrograph gallery of the morphology of the different pristine CNy fractions, where

the variations in lengths (Figure 9a-c) and diameters (Figure 9d-f) among three
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fractions are clear. The morphology variation of CNTs could be the reason to
contradictory results regarding to cytotoxic/biocompatibility of CNTs reported in
several researches, and this issue should be studied in order to understand the

relationship between CNTs and mammalian cell response.
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Figure 8. Variations in pristine CNy length (a) and diameters (b) obtained from

three different fractions of the same batch.
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Figure 9. Electron micrograph gallery depicting the size diversity of pristine CNy
found in three different locations (fractions) from the quartz tube. Fraction: I (a, d),

Il (b, e), lll (c, f). Lengths (a-c) and diameters (d-f) of CN.
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4. Conclusion

Finally, purified CNy have a cytotoxicity effect that is directly dependent-on
their concentration, also purified CNy showed a more toxic effect in enzymatic
stressed cells than in the non-stressed. Since cells in the body are exposed to
enzymatic processes of detachment, the present study of the effects over-stressed
cells by enzymatic digestion is important for the development and potential uses of
these nanomaterials in the biomedical field. On the other hand, chemical synthesis
of pristine CNy yields heterogenic product with substantial differences on length
and diameter size, which have distinctive cytotoxic effects on the proliferation of
NIH-3T3 cells. There is still a long path that we must take in order to understand
the relationship between nanomaterials and mammalian cells. However,
concentrations up to 7 ug/mL of nanotubes are well tolerated by the cells, and they

could be used in biomedical applications.
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4. Chapter llI
Heterogeneity of nitrogen-doped multiwalled carbon nanotubes produced by

chemical vapor deposition and their effect on mammalian cells

Carbon nanotubes (CNTs) exhibit properties that make them attractive for
biomedical applications. However, the cytotoxicity of CNTs is a critical issue for the
human safety. Chemical modification of CNTs by doping with nitrogen (CNy) has
presented positive effects on cellular biocompatibility compared with other kind of
CNTs. It has been reported that synthesis of CNTs by chemical vapor deposition
(CVD) produces heterogeneous samples with different morphologies and
dimensions, which generate different response in cells. In this work, we evaluated
the effect of CNyx on human hematopoietic stem cells as well as murine fibroblasts.
CNy synthesized by CVD and recovered from different zones were incubated at
concentration of 0.07-70 pg/mL with mammalian cells during 5 days. We found that
CNy belonging to high region of production (CNx-HR) were biocompatible with both
kind of cells, whereas, CN, from middle region (CNy-MR) were toxic for cells.
Furthermore, CNy-HR were embedded by HSC during the culture period. In this
study, we demonstrate that CVD synthesis produces different nanomaterials
morphologies, which generate differences in the cellular response. Beside, we
have shown that CNyx belonging to high region (CNy-HR) are biocompatible with

mammalian cells and they can be uptaken them.
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Heterogeneity of nitrogen-doped multiwalled carbon nanotubes produced by

chemical vapor deposition and their effect on mammalian cells

1. Introduction

Carbon nanotubes (CNTs) have emerged as an ideal candidate for
bioimaging, biosensing, scaffold and biomedical applications, due to their
mechanical, electrical and optical properties [1-3]. CNTs are cylindrical hollow
graphene sheets of one or more layers (denoted single-wall, SWCNT, or multiwall,
MWCNT) with a length ranging between 2 nm to 10 mm and diameters form 0.4-2
nm and 2-200 nm for SWCNT and MWCNT, respectively [4]. The reactivity of
CNTs and their shape similar to asbestos fibers represent a risk for human healthy,
for this reason, researches regarding to apply CNTs in medicine are extensive [5,
6]. The chemical modification of CNTs by addition of functional groups to the
sidewall of CNTs has been widely studied, this with the aim to make them
biocompatibles with mammalian cells [7, 8] and whole organisms [9]. Since
biocompatibility of CNTs is related to their dimension (lengths and diameters) [5,
10], synthesize method, charge (functional groups) [9, 11], degree of
agglomeration (due to their intrinsic properties) [12], concentration and time of
exposure [10], cell type [10], biodistribution and biodegradation [13]. All the factors
above mentioned make difficult to determine if CNT are biocompatibles or toxic for
mammalian cells, due to the different cellular responses that these materials
generate to cells, where results sometimes looks inconsistent and even

contradictory [10, 14, 15].
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Chemical modification of CNTs by doping with nitrogen (CNy) has shown a
positive effect on biocompatibility of cells [7] and whole organisms [9] compared
with other types, suggesting that these nanomaterials could have potential
biomedical applications. However, similar to functionalized CNTs, alteration in cell
behavior by CNy has been reported, where the cytotoxic effects are due to long
size of nanotubes [16], generation of reactive oxygen species (ROS), alterations in
cellular cycle and a toxic effect concentration dependent [5].

Chemical vapor deposition (CVD) is one of the most common methods to
synthesize CNTs at large scale [17-20]. However, the synthesis of CNTs by CVD
produces a variety of morphologies with different diameters and lengths as well as
different types of CNT when the carbon precursor or catalyzer changes [21, 22]. In
our previous work, we demonstrated that CNy produced by CVD had cytotoxic
effects on NIH-3T3 murine fibroblasts by concentration, time and exposure route
dependent. Furthermore, we showed that CVD produces a heterogenic product
with different sizes of CNy, and this nanomaterial’s heterogeneity could be the
reason behind the controversy regarding to cytotoxicity/biocompatibility of CNTs
[23].

Here, we report the synthesis of CNy by CVD and their effect on two types of
mammalian cells, murine fibroblasts and human hematopoietic stem cells (HSC).
We found different sizes of CNy in the same batch, and this difference plays and
important role on their compatibility with mammalian cells, where CNy from the
same batch are biocompatible or toxic for mammalian cells. Furthermore, we found
that CNy belonging to high region of production are biocompatible with fibroblasts

and HSC.
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2. Materials and methods
2.1. Synthesis, purification and characterization of CN.

CNyx were synthesized by using the CVD method [24]. The CVD system
consists of an aerosol generator and a 100-cm-long quartz tube placed inside of
two 60-cm-long horizontal tube furnaces together. Prior to CNy synthesis, two
furnaces were heated to 850°C and temperature keeps constant. The chemical
precursors used were 2.5 wt. % ferrocene in benzylamine, and the mix was placed
into the piezo-driven aerosol generator. This generated spray (aerosol) was carried
by an Argon flow at 2.5 L/min through a heated quartz tube. After 30 min of
synthesis, the quartz tube was cooled down at room temperature (RT) and washed
with ethanol to remove benzylamine, and acetone to eliminate amorphous carbon
and non-add CNy.

For CNy recovery, the quartz tube was divided into fractions of 1 cm, and
then each fraction was recovered by inner scrap and was collected separately.
Three batches of CNy were synthesized. Samples were weighed to obtain the yield
of CNy synthesis. Three fractions were chosen, loaded into pins and visualized by
SEM (Philips-XL 30 SFEG; Dual Beam (FIB/SEM) FEI-Helios Nanolab 600
equipped with an EDX detector) to determine lengths, diameters and EDX
spectrum. CNy fractions were purified by acid treatment of HNO3:H,SO,4 (1:3).
Samples were sonicated by ultrasonic bath operating at 100 W (Branson 2510
Ultrasonic Cleaner, 42 kHz) with absolute ethanol during 1 h at RT and filtrated
using 0.45 pm membrane filters. CNy were recovered from membranes and put
into Erlenmeyer flask where they were sonicated again by an ultrasonic bath with

acid treatment for 12 h on ice. Purified CNy were diluted with distillated water, kept
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on repose during 48 h and filtered. Supernatant and sediment were treated as

separately samples. Finally, for biological assay, sediment samples were chosen.

2.2 Dispersion of CNy fractions in culture medium.

CNy fractions were dispersed separately in basal-IMDM (Iscove's Modified
Dulbecco’s Medium (IMDM) (SIGMA) pH 7.2 supplemented with 10% fetal bovine
serum (GIBCO), 100 U/mL penicillin, 100 pyg/mL streptomycin and 0.25 pg/mL
amphotericin B (SIGMA)) at a final concentration of 1 mg/mL. The samples were
sonicated by an ultrasonic bath at 40°C during 8 h, resulting in a stable dispersion
with no visible macro-agglomerates of CNTs. Then, the stocks were storage at 4°C

until used.

2.3 Cell culture and isolation of HSC form umbilical cordon blood

NIH-3T3 murine fibroblasts (ATCC) were defrosted and cultured in basal-
IMDM into 24-well plates (Corning) over a period of 72 h in a humidity chamber at
37°C and CO; 5% (Shell-Lab). After three passes, when 80% cellular confluence
was reached, cells were harvested with trypsin-EDTA.

Umbilical cordon blood (UCB) samples from full-term deliveries were kindly
provided by Dr. Marco Kalixto from the ISSSTE regional hospital, according to their
ethical committee’s guidelines. Separation of mononuclear cells (MNC) from UCB
was carried using procedure [25]. Briefly, 20-45 mL blood samples with heparin
(2,000 UI) were centrifuged at 450 g for 15 min, and the 4-6 mL of with interphase
cells and plasma were transferred into a 15-mL falcon tube containing the same

volume of phosphate-buffered saline (pH 7.2). Samples were mixed gently and
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transferred into 15-mL falcon tubes with 7 mL of Ficoll-Paque Plus (Pharmacia) at
temperature room and centrifuged for 20 min at 550 g. MNC ring was recovered,
put into clean tubes and centrifuged at 800 g for 15 min. MNC were resuspended
in 1 mL of basal-IMDM supplemented with human recombinant cytokines:
(Peprotech) 5 ng/mL stem cell factor (SCF), 5 ng/mL flt3 ligand (FIt-3), 5 ng/mL
interleukin-3 (IL-3), 12.5 ng/mL interleukin-6 (IL-6), (Probiomed) 10 ng/mL
granulocyte-macrophage colony stimulation factor (GM-CSF, Gramal®,
molgramostin ), 10 ng/mL granulocyte colony stimulation factor (G-CSF, Filatil®,

Filgrastim), 3 U/mL erythropoietin (EPO, Bioyetin®).

2.4 Evaluation of biocompatibility of CNy on NIH-3T3 murine fibroblasts and HSC.

In order to evaluate the effect of the different CNy fractions, NIH-3T3
fibroblast cells were used. Cell suspensions with density of 2x10° cells per well
were added to 96 well plates and incubated during 96 h at 37°C and 5% CO,. CNy
fractions at final log concentration of 0.07-70 ug/mL were added into cultures and
incubated again for 96 h. Samples were taken each 24 h and cell viability was
determined by cell counting with the trypan blue exclusion method using a
hemocytometer. NIH-3T3 cell cultures without nanomaterial were used as control.
To avoid the variation on CNy concentration in cell cultures when medium is
changed, kinetics carried out at work volume of 250 pL without medium
replacement.

For HSC experiments, 0.5x10° cells/mL were seeded onto 24 well plates
and incubated for cellular recovery process (5 days at 37°C and 5% CO.,). After,

medium was changed with fresh basal-IMDM supplemented with cytokines and
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cells were counted again. Cells were exposed to each CNy fractions at final log
concentration of 0.07-70 pg/mL during 5 days. Samples were taken each 24 h and
cell viability was determined by cell counting with the trypan blue exclusion method
using a hemocytometer. Cell cultures without nanomaterial were used as control.
To avoid variation on CNy concentration in cell cultures when medium is changed,

kinetics carried out at work volume of 1100 pL without medium replacement.

2.4 Extraction of CNy uptake by HSC

After cell culture, cells were washed gently three times with PBS. All the
adherent cells containing CNyx were incubated with trypsin for 10 min and
recovered by pipetting, transferring the whole volume into Eppendorf tubes.
Samples were centrifuged at 2,000 rpm for 10 min. Then, the supernatant was
discarded and the cells were washed again with PBS twice. Next, the cells were
resuspended in PBS and sonicated by ultrasonic bath operating at 100 W during
20 min on ice. After sonication, the samples were centrifuged at 10,000 rpm for 30
min and CN, were washed with distillated water three times. Finally, CNy samples

were loaded into pins and visualized by SEM.

2.5. Statistics

Data are presented as mean and + standard deviation. Statistical
comparison was performed with the 2-ways ANOVA. Dunnett and Bonferroni post
tests were used to compare treatment groups to control. P-values < 0.05 were

considered significant.
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3. Results
3.1. Production, determination of length and diameter of CN

After collecting individual fractions of CNy, these were weighed and potted to
obtain pattern of production. Figure 1 shows a plot of CNy fractions weight. The
yield of CNx was into furnace 1 with 694.5+78.5 mg; meanwhile in the furnace 2
was 94.8+22.7 mg, showing a maximum production of nanomaterials in the first 40
fractions (Figure 1l1a). The synthesis of CNy followed a Gaussian behavior.
According with the graphic, we classified the fractions based on their yield: 1) low
region (LR), that correspond to fractions with a <15 mg/fraction (fractions 6-10 and
34-76); 2) middle region (MR) 15-30 mg/fraction (fractions 11-17 and 25-35) and 3)
high region (HR) >30 mg/fraction (fractions 18-24).

It has been reported that synthesis of CNTs by CVD produces different
morphologies and diameters of CNTs [21, 23]. Optical (Figure 1b-d) and SEM
(Figure le-j) images showed heterogeneity in the sample, where different fractions
from the same synthesis presented several differences in lengths and diameters.
The lengths of CNy from LR, MR and HR were 33.52 + 0.92, 236.53 + 6.62 and
169.20 * 9.68, respectively, with diameters of 50.04 + 5.83, 28.05 + 4.36 and 52.67
+ 9.36.

The CNy that belong to the same region of synthesis could have the same
effect on mammalian cells but different effect compared with CNy that correspond
to another region. For that reason, fractions of CNy from HR (CNy-HR) of two
different batches, as well as fractions that belong to MR (CNx-MR) were selected
for biological testing. NIH-3T3 murine fibroblasts and HSC were chosen as

biological models using different concentration of nanomaterials.
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Figure 1. Production and morphology of CNx. Mean and SD of fractions weight
collected from 3 batches. The red line indicates a LogNormal distribution fit (a).
Optical (b-d) and SEM (e-j) images of MR (b,e,h), HR (c, f, i) and LR (d, g, ).

Figure 2 shows the fibroblast incubated with CNy. Regarding to fibroblast
growth, no significant effect over proliferation of cells was observed when cells
were exposed to CN4-HR that were recovered from batch | or batch IlI, (Figure 2 a
and b, respectively); meanwhile, CNy-MR from batch | showed a cytotoxic effect
after 24 h of exposure in concentration of 7 and 70 pg/mL, and after 48 h all the

concentration affected negatively the proliferation of murine cells (Figure 2c). This
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suggests a toxicity concentration and time dependent. Besides, these results
showed clearly a different behavior of CN, from the same batch, where they can

have either a biocompatible or toxic effect, depending of the area that they were

recovered.
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Figure 2. Murine fibroblast cells exposed to different concentration of CNy during
96 h. a) batch | CN,-HR; b) batch Il CN4-HR; c) batch I CNy-MR. Data are
presented as mean = SD. * indicates a significant difference compared to
untreated controls (p < 0.05); n=3.

Biocompatibility of nanomaterials is cell type dependent [4, 10]. For that
reason and due to the CNy-HR were biocompatible with fibroblasts, the next step
was testing them on HSC. Figure 3 showed the expansion kinetic of HSC
incubated with nanomaterials during 5 days. Similar to fibroblasts, either CNy-HR
from batch | (Figure 3 a) or batch Il (Figure 3 b) had no negative effect on

expansion of HSC. Following the effects of CNy-HR on HSC, TNF-a level was
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determined in control and 70 pg/mL of CNy-HR samples at the end of the kinetic,
where control showed more production of TNF-a than samples with nanomaterials

(Figure 3 c). These results suggest that CN4-HR were biocompatible with HSC.
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Figure 3. Expansion of HSC. Cells were incubated during 5 days with CN4-HR
from batch | (a) or Il (b). Determination of TNF-a level in control samples and
cultures containing 70 pg/mL of CN4-HR (c). Data are presented as mean + SD.
indicates a significant difference compared to untreated controls (p < 0.05); n=3.
Figure 4 shows the cellular uptake of CNy-HR. After 5 days of exposure at
70 pug/mL of nanomaterials, apparently some of the cells uptake CNy (Figure 4 a-b).
To confirm if the nanomaterials were inside of the cells, several washes were
carried out to eliminate all CNyx-HR in the culture medium or outside of the cells

(Figure 4 c-d).
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Figure 4. Optical images of HSC after incubation during 5 day with CNx-HR at 70
pHg/mL. The images were taken with (a-b) and without (c-d) culture medium to show

the CNy uptake by cells. Magnification x20 (a,c) and x40 (b,d). Scale bar 50 pum.

After washing cells, CNy-HR were recovered from cells by cell lysis. Figure 5
shows the gallery of CNy-HR as well as their EDX spectrum. Nanomaterials
sonicated in ethanol were found as well-defined and dispersed CN4-HR (Figure 5
a) with the presence of carbon, oxygen and sulfur elements, corresponding to SO4
groups generate by purification process (Figure 5 d). When CNy-HR were
dispersed in basal-IMDM, nanomaterials were dispersed but covered by proteins
form FBS, creating a thick layer making difficult to see individual CNx-HR (Figure 5
b), the EDX analysis exhibited the presence of some of the elements present in the

culture medium (Figure 5 e). The CNy-HR extracted from cells were observed as
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individual nanotubes forming agglomerations and with some island of biological

material; these agglomerations could be due to interaction with intracellular

proteins (Figure 5 c, arrows). The EDX spectra showed the elements present in the

sample (Figure 5 f). Due to CNy-HR dispersed in basal-IMDM and CN,-HR

extracted from cells had different morphology as well as difference in their EDX

spectra, it can be inferred that CN4x-HR were embedded by HSC.
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Figure 5. SEM imaging and EDX analysis of CNy-HR. SEM micrograph of CNy-HR

dispersed in ethanol (a), basal-IMDM (b) and extracted from cells (c) and their

respective EDX spectra (d, e, f).

In this study, we demonstrated that CVD synthesis produces different

nanomaterials morphologies, which generate differences in the cellular response.
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Beside, we have shown that the CNyx belonging to high region (CNy-HR) are

biocompatible with mammalian cells and cells can embed them.
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5. Chapter IV
Directing the self-assembly of tumor spheroids by bioprinting cellular

heterogeneous models with alginate/gelatin hydrogels

Human tumor progression is a dynamic process involving diverse biological and
biochemical events such as genetic mutation and selection in addition to physical,
chemical, and mechanical events occurring between cells and the tumor
microenvironment. Using 3D bioprinting technologies a method to embed tumor
cells and tumor associated stromal cells is developed, within a cross-linked
alginate/gelatin matrix in a design that initially keeps each cell type isolated and
enables migration over time. These 3D hydrogel models allow cells to grow,
proliferate and achieve higher viability than conventional 2D cell culture and after 7
days of co-culture, cancer cells begin to form multicellular tumor spheroids (MCTS)
which increase in size over time. Also, the IMR-90 stromal fibroblast cells can
migrate through a non-cellularized region of the hydrogel matrix and infiltrate the
MDA-MB-231 spheroids after ~ 15days creating mixed MDA-MB-231/IMR-90
MCTS. This study provides insights into reconstructing biomimetic in vitro tissue
co-culture models to study cell-cell and cell-matrix interactions, and tumorigenesis

mechanisms.
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1. Introduction

Breast cancer patients with endocrine receptor-positive (ER-positive) or
human epidermal growth factor receptor-2-positive (HER2-positive) tumors are
eligible for treatment with therapies targeted against these markers. However,
patients with tumors that do not express ER, progesterone receptor (PR) or HER2
markers represent about 15% of patients and form the triple negative (TN)
subclass, associated with poor survival and increased recurrence [1]. We now
understand that tumors are heterogeneous and that the tumor microenvironment
plays key roles in tumor evolution and resistance to therapy [2]. Solid tumor growth
in vivo occurs in a three-dimensional (3D) environment with cells in constant, and
close, contact among the extracellular matrix (ECM) and stromal cells such as
fibroblasts and macrophages, soluble growth factors, gases, nutrients, and other
physical and chemical stresses [3]. Cancer associated fibroblasts (CAFs) are

known to have key signaling roles in tumor progression and metastasis [4].
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To accurately determine CAFs influence traditional cell culture techniques
are challenging to use, as it is difficult to precisely control the localization of the
different stromal cells and tumor epithelial cells. 3D cell culture and co-culture of
cancer cells and cancer associated cells grown in polymeric matrices have been
shown to more accurately represent the physiological environment of tumors due
to the cell-cell and cell-matrix interactions that can occur [5]. A variety of fabrication
methods including photolithography, soft lithography, microstamping, and
bioprinting have been developed to create 3D culture models [6, 7]. Bioprinting is
advantageous to the alternative fabrication methods in that more complex
geometric matrices can be printed with high cell density and viability [7, 8]. Cell-
laden samples can be created directly with precise reproducibility from cell-
hydrogel suspensions [9-11]. Recently, ejection bioprinted ovarian cancer co-
culture models using fibroblasts demonstrated that the ovarian cells were able to
proliferate and spontaneously form multicellular acini [12].

Here we report the ability of an extrusion bioprintable composite hydrogel
consisting of ionic cross-linked alginate and gelatin drives the formation of
multicellular tumor spheroids (MCTS) without the use of chemical or physical
stresses. The material is mechanically tunable and can be rapidly crosslinked upon
extrusion to form a stiff shell while maintaining a fluid-like core allowing cell
migration in 3D. Multi-cartridge extrusion bioprinting allows us develop cellular
heterogeneous samples comprised of TN breast cancer cells and fibroblasts in
specific initial locations with controlled density. We characterized the tumor

progression by quantifying the sizes of MCTS along a 30-day culture.
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2. Materials and methods
2.1 Material preparation

We prepare a solution of 3% sodium alginate (Protanal LF 10/60 FT) and
7% gelatin (Sigma) in DPBS (Gibco) stirring for 1 h at 60 °C and 2 h at RT. We
transferred the mix to clean tubes and then centrifuged at 2,000 rpm for 5 min to
eliminate bubbles. After, we storage the hydrogel at 4 °C until we used it. We
sterilized the alginate and gelatin powders by UV-light overnight previous to mix.
We crosslinked both bioprinted and disk hydrogels by soaking them in 100 mM

CacCl, for 30 s and then rinsed with PBS before culture.

2.2 Mechanical tests

Mechanical properties were characterized by rheometry. We took the data
by an oscillation rheometer MCR 302 (Anton Paar, US,). We fabricated a disk by
3D printing to slice the material column into thin disks with dimension ®25mm x
1mm prior to each test. A cylinder flat geometry with diameter 25mm (PP25) was
mounted to the rheometer. All the experiments were triplicated.

Amplitude sweep was first implemented to find the linear viscoelastic range.
A strain sweep from 0.01% to 100% was applied to the gel at frequency of 0.01 Hz
and 10 Hz. Results declared that the gel started to loss linearity beyond 10%
strain. For safety considerations, we chose 1% strain for all the tests.

To analyze the gelation kinetics of the alginate/gelatin matrix we
implemented a rheological time sweep where the hydrogel was taken from a 32°C
water bath and placed directly onto the rheometer platform that was heated to

25°C. A 1 Hz frequency 0.1% strain was applied based on data derived from an
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amplitude sweep. A simulation of the extrusion process using an isothermal time
sweep with two intersections where external shear was applied to simulate both
the mixing and printing process.

After printing, the hydrogel was cross-linked using 100mM CacCl, resulting in
the formation of a viscoelastic shell on the surface of printed substrate. A
frequency sweep was carried out by ramping the frequency logarithm from 0.01 Hz
to 100 Hz. 0.1% strain was used based on the results of a previous amplitude

ramp.

2.3 Physico-chemical characterization

To confirm the presence of alginate and gelatin in our hydrogel, we carried
out physico-chemical experiments. For FT-IR experiments, we freeze-dried the
hydrogel and we used the powder to get their infrared spectra using a FTIR-ATR
spectrophotometer (Nicolet 6700/Smart iITR, Thermo Scientific) and the results
were plotted in a wavelength range from 4000 to 500 cm™. We confirmed the
chemical structure of alginate and gelatin by **C-NMR. We dissolved lyophilized
hydrogel into D,O at a concentration of 50 mg/mL, then, NMR experiments were
performance in a Bruker Avance 600 spectrometer (NMR 600MHz, Avance Il HD,
Bruker) at 40 °C, with 20,000 scans number (17 h acquisition). The delay adopted
was 2s.
2.4 SEM imaging

In order to study the internal structure of the hydrogels, we performance

scanning electron microscopy (SEM, Hitachi SU-3500 Variable Pressure). We
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crosslinked the hydrogels, rinse with PBS and incubated for 1 h at 37 °C; then,
rinsed with water and immediately frozen in liquid nitrogen. Finally, we freeze-dried
the samples overnight. For hydrogels containing cells, first we fixed the cells with
4% paraformaldehyde during 30 min at 37 °C, then, rinse, frozen and freeze-dried
procedures were carried out. We analyzed the samples under SEM at 25.0 kV and

70 Pa.

2.5 Cell preparation

For biological experiments, we cultured MDA-MB-231 and IMR-90 cell lines
transfected with GFP (nuclear expression) and mCherry (cytoplasmatic
expression), respectively, in DMEM medium (Gibco) at pH 7.2 supplemented with
10% fetal bovine serum (Wisent Bioproducts), 100U/mL penicillin, 100 upg/mL
streptomycin, and 0.25 ug/mL, amphotericin B (Sigma), using 75-T-flask (Corning)
in a humidity chamber at 37 °C and CO, 5% (Panasonic Healthcare Company).
After three passes, when 80% of cellular confluence was reached, we washed cells
twice gently with DPBS and then harvested by incubation with trypsin-EDTA

(0.25%-1X, Gibco) for 10 min.

2.6 Scaffold design and 3D fabrication

In physiological situations, the breast cancer cells were found surrounded by
numerous of other types of normal cells. In this study, we focused on the
interactions of breast cancer and CAF cells, hence we designed a propeller-like

model where breast cancer cells (MDA-MB-231) were placed in the center of the
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model, and CAF cells (IMR-90) at the edges. A non-cell zone was also designed
between both types of cells to better visualization of the potential migration or
invasion of different types of cells. We used SolidWorks software (Dassault
Systems, U.S.) to develop the CAD model and converted to STL file and
subsequently imported into Sli3r (open source software) to generate standard G-
Code. A MATLAB script was written to convert the standard G-code to the specific
G-code used by our 3D printer. The propeller model has an internal circle with
diameter 7.7mm, and external parts were comprised of two sectors with maximum
radius of 8.65mm. The other parameters were calculated to ensure the areas of
both cell-laden regions were identical. Each of the propeller models comprised of 4
interlaced layers with layer thickness of 150 um. The adjacent hydrogel lines had a
gap of approximately 500 um to allow massive exchange of nutrients and gas.

We used a 3D bioprinter BioScaffolder 3.1 (GeSiM, Germany) to print the
scaffold in 3D. The printer features a three axes platform with XY resolution of 2
um and Z resolution of 10 um. Three extrusion cartridges were installed onto the
printing head and driven by pneumatic system. The controlled pressure pushes the
piston in the cartridge and thus extrudes the material through dispensing nozzle
onto the platform.

Prior to printing, the 3% alginate plus 7% gelatin hydrogels were transferred
to a 32 °C water bath for 1 hour to reach thermal equilibrium. Upon printing, the
hydrogels were firstly divided into three cartridges for breast cancer cells, fibroblast
cells and non-cells respectively. This action was performed at the first 10 minutes
after taking out of water bath to ensure mixing cells into a liquid form that allowed

homogeneous distribution. The three cell laden/non-cell cartridges were kept at
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room temperature (25 °C) for 50 minutes that allowed it to reach optimal printing
condition. When the printing started, the cell laden hydrogels experienced an
increased shear rate during the extrusion and consequently decreased its
viscosity, when formed on the platform; the viscosity grew back and held the
structure. The printing head traveled along the preprogrammed trajectory and
fabricate the scaffold layer by layer. After printing all replicates of the propeller
models, excessive 100 mM CaCl, solution was added to the models for 1 min
before rinsed by DPBS, which rapidly crosslinked the surface of the propeller
models while remaining the interior uncross-linked viscoelastic gels. The cell laden
propeller models were cultured in 6 well plates in an incubator at 37 °C and 5%

CO..

2.7 Viability and spheroid formation experiments

To determinate the best cells concentration for long-term experiments, we
mixed MDA-MB-231 at initial concentration of 1, 2, 4 and 10x10° cells per mL.
First, we created 100 pL disk crosslinked with CaCl,, and incubated for 30 days
taking samples at 0, 7, 15, 21 and 30 days after culture. We replaced medium each
3 days. On the other hand, we analyzed the spheroid size and shape over time
using a confocal disk inverted microscope (Olympus 1X83, Olympus Life Science).
We took multi-position and z-stack confocal image, then we used maximum stack
arithmetic to create 2D image for counting spheroids and build the full disk or
propeller image. We used MTS assay for viability test following the manufacture’s

procedure (Promega). As a secondary viability test, we used Live/Dead assay kit
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(Molecular Probes, ThermoFisher Scientific) for 21-days culture experiments on

MDA-MB-231 unlabeled.

3. Results and discussion

Using extrusion based bioprinting we have created a cellular heterogeneous
tumor-mimicking in vitro model that enables long-term cell co-culture studies as
well as the ability to create MCTS with minimal external chemical or physical
stresses. These models were prepared incorporating both IMR-90 fibroblast cells
(CAFs, cytoplasmic mCherry labeled) and MDA-MB-231 (nuclear GFP-labeled)
breast cancer cells suspended in a cell-laden hydrogel. The cells were mixed
individually into a composite hydrogel composed of 3% alginate/7% gelatin. The
cell-laden hydrogel is then extruded to create a propeller-like design consisting of a
central hub of MDA-MB-231 cells adjacent to a hydrogel region of predefined
dimensions that does not contain cells flanked by an outer segment of IMR-90
containing hydrogel. The samples are printed onto an agarose coated well plate to
inhibit cell adhesion or migration out of the hydrogel during long culture periods
(Figure 1).

Extrusion bioprinting requires viscoelastic hydrogels that exhibit an
optimized viscosity and stiffness to ensure the smooth extrusion as well as the
model fidelity [9]. To characterize the optimized printing window, we implemented a
rheological time sweep. The alginate/gelatin hydrogel was taken from a 32°C water

bath based on results of temperature sweep.
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Figure 1. Schematic graph depicting the design and experimental protocol used to
create a heterogeneous tumor model comprised of a triple negative breast cancer
cell type and cancer associated fibroblasts.

Using a temperature ramp from 25°C to 37°C at a rate of 0.2°C/min to allow
thermal stabilization under the geometry we found a decreasing storage modulus
(G’) from 468.5+34.2 Pa to 3.2+0.2 Pa, and loss modulus (G”) initially 140.7+9.3
Pa at 37°C decreasing to 11.8+0.6 Pa at 25°C (Figure 2a). This reduction in G’ and
G” values correspond to a denaturing of the secondary structure of the gelatin
fibers resulting in a more liquid-like behavior of the material. The hydrogels
transition point occurs at 30.6°C, where G'=G”=51.7+£9.7 Pa enabling cell-laden
hydrogels to be mixed at 32°C. The sample was placed onto the rheometer
platform that was kept 25°C. Periodic oscillation was applied based on data
derived from an amplitude sweep. The initially high loss factor shows a rapid
decrease occurring within the first 30 min while an increase in the complex

viscosity occurs (Figure 3).
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Figure 2. Mechanical properties of hydrogel (3% alginate 7% gelatin blend).a)
Temperature ramp of the blend, a transition temperature of 30.6 °C can be
realized. b) 5 Interval Thixotropy Test (5ITT) was implemented to simulate the
printing process, a decrease of mechanical integrity during the shearing process

was observed but the material recovered rapidly. b-1) Zoom in view of the left box
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in Figure 2-b), complex viscosity slightly decreased during the simulated cell mixing
procedure. b-2) Zoom in view of the right box in Figure 2-b), a notable decline of
viscosity was seen during the simulated extrusion process. c) Flow curve of the
uncrosslinked interior hydrogel, a shear thinning properties could be realized. d)
Frequency sweep of the crosslinked exterior shell, a 10 kPa of storage shear
modulus was obtained that provided essential integrity of the tissue model for a
long period of 3D culture (> 30 days).

The sol-gel transition happened at approximately 30 min followed by a
continuous rise in viscosity until the material reaches a period of optimal printing
characteristics that occurs between 50 min to 90 min. A printing simulation test was
performed by shearing the hydrogel in the optimal printing window. The hydrogel
showed rapid recovery of integrity after being sheared which guaranteed the
stability of the printed model.

We found an increase of both storage and loss modulii from 11.5+0.2 Pa
and 27.6+0.2 Pa (Figure 2b). At 10min a shear rate of 15 s™ was applied for 1 min
to simulate the mixing process, results show the gentle mixing does not affect
gelling kinetics aside from a minor dynamic viscosity decrease from 5887.4+139.4
mPa-s to 5677.8+128.2 mPa-s (Figure 2b). The storage modulus curve intersected
that of loss modulus at approximately 24 min after mixing with cells indicating the
material gelation. A 100 s™ shear rate was performed at 41 min causing a
markable drop in both storage and loss modulus from 73.5+2.7 Pa and 68.3+1.7
Pa to 51.6£0.4 Pa and 57.2+1.0 Pa respectively while the dynamic viscosity
decreased from 3245.2+42.1 mPa:s to 2613.9+75.9 mPa-s (Figure 2b).

Regardless of the stiff shell which could hold the geometry, the internal hydrogel
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went back to a more viscous liquid form when incubated at 37°C allowing the initial
cell growth within the 3D viscous microenvironment (Figure 2c). Post-printing the
moduli continuously increases reaching 88.3+0.4 Pa and 69.5+1.00 Pa for storage
and loss modulus before the post-crosslinking process occurs. At low shear rate
regimes the material exhibits a viscosity of 5.1+0.2 Pa-s that decreases as the
shear rate is increased, reaching 1.1 Pa-s at 100 s™ (Figure 2c). The inverse
relationship indicates the material is shear thinning.

Immediately after printing, the hydrogel was rapidly cross-linked using
100mM CaCl, for 1 min before washed away resulting in the formation of a
viscoelastic shell on the surface of printed substrate which exhibited a frequency
dependent shear modulus ranging from 10.9 kPa at 0.01 Hz to 22.0 kPa at 100 Hz
(Figure 2d). Both the loss and storage modulus increased with the storage
modulus significantly lower than the which increased from 2.1+0.3 kPa at 0.01 Hz
to 3.3+0.6 kPa at approximately 26 Hz before undergoing a sharp decrease in the
high frequency regime that results in a 1.1+0.7 kPa at 100 Hz. (Figure 2d) In the
frequency sweep both moduli increased, the complex viscosity decreased with
frequency, indicating shear thinning properties of the shell as found for the core.

The crosslinking process creates a stiff shell which holds the geometry,
while the internal hydrogel goes back to a more viscous liquid form when incubated
at 37°C allowing cell growth within the 3D viscous microenvironment. The Ca®" will
presumably slowly diffuse into the core during the culture and finally form a
uniformly viscoelastic model.

The gelation kinetics guide the time periods for each process (Figure 3). We

mixed the cells in the hydrogel matrix during the first 10 min and extrude under the
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optimal conditions using a 200 kPa pressure at a 5 mm/s print speed using a
syringe extruding through a G25 gauge cylindrical nozzle. Notably, the hydrogel
was printable during 30 min to 50 min with a lower pressure (< 50 kPa) yet it was
too weak to maintain structural integrity. 90 min after preparing the cell-laden
hydrogels high pressure (> 240 kPa) has to be applied to extrude the material

which may cause cell membrane damage due to high shear stress [11].

Gelation Kinetics

< Loss Factor (tano) O Gelation Point

20 ® Complex viscosity (mPa-s) 50,000

Optimal gondition -
® A Modi Hiah «»
> lation _qw.pr-ssure edlum JFESSUE'G Ig - pressure 40.000 o
o |printing printing : printing _ ’ o
. 151= E
= = -
o)
= Z 30,000
B o
& 10 X b
@ 20,000 2
2 *
3 2
05 | £
nozzle; 10,000 g
. <50 kPa 200 kPa; > 240 kPa (&)

i 5 mm/s T = 25°C

0.0 ‘ 0\ =01%

S A T - A R S SR S T A R

Time (min)

Figure 3. Gelation kinetics of the 3% alginate/7% gelatin hydrogel composite. The
green spheres and fit represents the loss factor (left y-axis), the blue spheres and
fit represent the complex viscosity (right y-axis). The red dashed line shows where
the loss factor equals one indicating the gelation point of the hydrogel. Results
showed in mean+SD, n = 3.

Following mechanical characterization of the hydrogel, physico-chemical
analysis including FT-IR, *C-NMR and SEM was performed (Figure 4). FT-IR

analysis of the alginate/gelatin hydrogel (Figure 4a, Table 1) reveals typical
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saccharide and carboxylate bands for alginate (Figure 4a all, Table 1) [13] as well
as amide | and Ill bands of gelatin (Figure 4a, Table 1) [14]. **C-NMR confirms the
presence of gelatin (10-60 ppm) [15] as well as alginate (65-110 ppm) (Figure 4b,
Table 1) [16]. Qualitative morphological analysis via SEM shows significant
porosity throughout the material typically on the micron scale which can led to
enhanced cell growth due to an increased surface area and greater exchange

rates of essential nutrients and gases (Figure 4c-d).
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Figure 4. Physical characterization of hydrogel. FT-IR spectrum of alginate/gelatin
hydrogel (a 1), alginate (a Il) and gelatin (a Il1). **C-NMR spectra of alginate/gelatin
matrix (b). SEM images of hydrogel at x150 (c) and x1000 (d) of magnification.

For the material to be capable of creating the bioprinted in vitro models
containing two, or more, different cell types we must meet the following two critical

parameters: 1) the gel has to be capable of handling when in a liquid form in order
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Table 1. Characteristics peaks of alginate and gelatin biopolymers.

FTIR (wavenumber cm™) 13C-NMR (ppm)
Alginate Gelatin Alginate/Gelatin Alginate/Gelatin
810.38 1080.81 1027.27 14.9555
947.60 1236.95 1081.99 16.6308
1024.44 1335.04 1160.49 24.5067
1082.13 1398.68 1236.41 26.3145
1123.57 1446.85 1336.33 27.7752
1317.06 1528.48 1405.28 29.5122
1406.05 1628.95 1540.40 33.5927
1594.06 1980.30 1625.10 37.0816
1980.26 2115.17 1979.96 39.3818
2161.96 2162.20 2050.18 40.6988
2931.40 2938.55 2113.17 41.8591
3253.82 3072.86 2163.13 42.5785
3283.01 2323.40 47.1832
2941.73 47.1832
3276.43 55.3134
58.9993
60.7464
67.2631
70.0376
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to obtain a homogeneous dispersion of cells; 2) the gelation temperature and
gelation kinetics allow rapid gelation to minimize the exposure of the cells to room
temperature conditions. To create the cell-laden hydrogel suspensions we first
incubate the hydrogel at 32°C before mixing with the chosen cell line and then
temporarily lower the temperature to induce gelation.
3D in vitro culture systems have been widely used to produce MCTS models with a
number of different cancer cells [3, 17]. The typical doubling time of cells within 3D
cultures is approximately 6 days [18], thus to optimize our long-term experiments
we cultured the MDA-MB-231-GFP cells within the hydrogels at different initial
concentrations over 30 days to determine the optimal cell concentrations within the
gel. Since MCTS display different morphologies and not necessarily a perfect
spherical shape [17, 19], we used the surface area as a measure of MCTS size
and classify the MCTS sizes into three distinct categories: small MCTS (500-
10,000 pm?), medium MCTS (10,000-20,000 pm?) and large MCTS (>20,000 pm?).
Using an initial concentration of 1x10° MDA-MB-231 cells/mL of gel we were
able to induce small MCTS development after 7 days in culture. The quantities and
sizes of the MCTS increase over time reaching large MCTS sizes (>20,000 um?) at
~21 days (Figure 5 a-d, q). Increasing the initial MDA-MB-231 cell concentration to
2x10° cell/mL we observe large MCTS at both 15 and 30 days (Figure 5 e-h, r),
without any large or medium MCTS occurring at 21 days, suggesting a dissociation
of the medium and large MCTS from the gel or migration out of the hydrogel into
the surrounding media [20]. Increasing the MDA-MB-231 concentration to 4x10°
and 10x10° results principally in small MCTS suggesting that the concentration of

cells inhibits the formation of the larger MCTS sizes (Figure 5 i-l, s for 4x10° and
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Figure 5 m-p, t for 10x10° cells/mL). The potential dissociation and inhibition of

larger MCTS sizes when high initial cell concentrations are employed may be due

to inhibition of the integrin B1subunit [20, 21].
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Figure 5. MDA-231 spheroid-like formation. Confocal image of breast cancer cells

mixed with hydrogel at initial concentration of 1x10° (a-d), 2x10° (e-h), 4x10° (i-l)
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and 10x10° (m-p) cell per mL incubated during 30 days. Scale bar 500 um,
magnification x10. The frequency of spheroids and their sizes where plotted in box-
plot graph for 1x10° (g), 2x10° (r), 4x10° (s), 10x10° (t) cell per mL, where the
threshold was 500-10,000, 10,000-20,000 and >20,000 pm? for small, medium and
large spheroids, respectively.

From the MCTS development experiments employing the MDA-MB-231-
GFP laden gels we proceeded to print the heterogeneous cell-laden in vitro models
using an initial cell concentration of 1x10° (Figure 6a). After 7 days of culture the
MDA-MB-231 cells again formed small MCTS (Figure 6 c, h) with a similar trend of
increasing MCTS size over time (Figure 6 d-f, i-k). At day 15 medium and large
MCTS (Figure 6 |) were observed with increasing frequency while small MCTS
numbers decreased suggesting a proliferation of individual cells proliferating within
the hydrogel (Figure 6 m).

After 30 days the largest MCTS achieved a surface area of ~80,000 pm?
under these conditions. The IMR-90 began to migrate through the non-cell
hydrogel region and infiltrate the MDA-MB-231 containing region after ~ 15days
and continue through the remaining culture period creating mixed MDA-MB-
231/IMR-90 MCTS.

An increase of MCTS size is one index of cell proliferation within the
bioprinted model we compared with metabolic activity to evaluate cell health,
proliferation, and MCTS generation when printed within the gel. The metabolic
activity of IMR-90 cells remains constant over time (Figure 7a) while the metabolic
activity of the MDA-MB-231-GFP cells increased during the first 15 days then

decreased at day 21 and increases again at day 30. This is likely due to the
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metabolic activity that occurs in the medium and large MCTS compared to the

small MCTS and single cells proliferating within the matrix [22].
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Figure 6. MCTS formation within a 3D bioprinted in vitro model consisting of IMR-

90 CAFs and MDA-MB-231 triple-negative breast cancer cells. (a) CAD model and

photograph of the bioprinted in vitro sample . (b) Confocal time-lapse image of
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MDA-MB-231-GFP (green) and IMR-90-mCherry (red) cells bioprinted within the
model (b-f) and their zoom-in (g-k). Scale bar is 1 mm (b-f) and 500 um for
selected areas (dotted line (g-h)), magnification x10. () MCTS formation and size
quantification during a 30 day period: 500-10,000, 10,000-20,000 and >20,000 pm?
for small, medium and large spheroids, respectively. (m) Frequency of MCTS
distribution as a function of time cultured.

To further evaluate our bioprinted in vitro tumor model viability was
quantified using a live/dead assay. A significant number of the MCTS (Figure 7b)
appear viable while a necrotic core occurs dependent upon MCTS size (Figure 7c-
f). The structure of the MCTS inside the gel was visualized using environmental
Scanning Electron Microscopy (eSEM). Medium (Figure 7g) and small (Figure 7h)
MCTS were distributed within the samples and differ significantly from SEM images
of the hydrogel without cells (Figure 4c-d) and SEM images of hydrogel containing
cells and MCTS (Figure 7g-h).

Conventional models of breast cancer have challenges in the formation and
study of physiological mimicking MTCS due to their lack of spatial cellular
heterogeneity and dependence on external stimuli or stresses that may influence
cell function or behavior. 3D bioprinting technology overcomes some of the
challenges by enabling the fabrication of heterogeneous in vitro models in highly
biocompatible hydrogels with predetermined initial locations and concentrations of
both cancer cells and cancer-associated cells.

Alginate and gelatin are used as a biocompatible composite hydrogel-based
bioink to embed and extrude breast cancer cells and CAFs via pneumatic pressure

into preprogrammed initial locations. The alginate component of the gel imparts
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viscous properties during printing and is ionically cross-linked post-extrusion to
provide mechanical reinforcement, while the gelatin component provides elastic
characteristics during printing in addition to bioactive moieties that promote cell
adhesion during culture. These composite hydrogels have tunable mechanical
properties including their shear moduli, loss factor, and complex viscosity that can

be modulated for different applications.
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Figure 7. Metabolic activity and MCTS development. (a) fold metabolic activity of
the MDA-MB-231-GFP and mCherry-IMR-90 during 30 days of culture within the
hydrogel. (b) Live/Dead assay of unlabeled MDA-MB-231 cells after 21 days of
culture with a representative full view (b) across the width of the entire sample. (c)
magnified bright field image of a representative MTCS, (d) fluorescence image of

live cells stained with the live/dead assay, (e), fluorescence image of dead cells
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stained with the live/dead assay, (f) merged bright field and fluorescent live/dead
assay images, (g-h) SEM images of MDA-MB-231 MCTS within the gel after 21
days of culture showing (g) medium and (h) small MTCS under a magnification of
x150.

The current methods to produce MCTS force the single cells to form
aggregated by physical confinement [23] or chemical induction of MCTS [24]. This
kind of technics could modified the protein expression driving cells to show
different behavior that they have in natural tumor environment. Our hydrogel
allowed to cells the facility to proliferate and form different sizes of MCTS similar as
occur in body environment. Furthermore, the internal viscosity of our hydrogel
helped to cell migrations as well as cell cross talking useful for migration of MTCS
and CAFs.

The alginate/gelatin matrix is a biocompatible and bioprintable material for
constructing heterogeneous breast cancer in vitro models with tunable mechanical
and chemical characteristics in a biomimetic environment. Induction of MCTS
without chemical and physical stresses for over 30 days in 3D culture can be
achieved using this bioprinted system. This study provides insights in
reconstructing physiological in vitro tissue models with mimetic spatial cellular
heterogeneity that can enable insight into cell-cell interactions, diagnostic and

therapeutic discovery, and tumorigenesis mechanisms.

Acknowledgements
Tao Jiang and Jose G. Munguia-Lopez contributed equally to this work. Tao

Jiang thanks the China Scholarship Council (201403170354) and McGill

94



Engineering Doctoral Award (90025) for his scholarship. Jose G. Munguia-Lopez
thanks CONACYT for his scholarship (250279) and Becas Mixtas 2015-2016
(290936). Joseph M. Kinsella thanks the National Science and Engineering
Research Council, the Canadian Foundation for Innovation, the Townshend-

Lamarre Family Foundation, and McGill University.

References

[1] a) S. Cleator, W. Heller, R. C. Coombes, The lancet oncology 2007, 8, 235;
b) R. Dent, M. Trudeau, K. I. Pritchard, W. M. Hanna, H. K. Kahn, C. A. Sawka, L.
A. Lickley, E. Rawlinson, P. Sun, S. A. Narod, Clinical Cancer Research 2007, 13,
4429; c) W. D. Foulkes, I. E. Smith, J. S. Reis-Filho, New England journal of
medicine 2010, 363, 1938.

[2] a) D. Quigley, A. Balmain, Nature Reviews Genetics 2009, 10, 651; b) W. G.
Stetler-Stevenson, S. Aznavoorian, L. A. Liotta, Annual review of cell biology 1993,
9, 541.

[3] a) G. Rijal, W. Li, Biomaterials 2016, 81, 135; b) L. B. Weiswald, D. Bellet,
V. Dangles-Marie, Neoplasia 2015, 17, 1.

[4] a) |. Cornil, D. Theodorescu, S. Man, M. Herlyn, J. Jambrosic, R. Kerbel,
Proceedings of the National Academy of Sciences 1991, 88, 6028; b) M. Gleave, J.
Hsieh, A. Von Eschenbach, L. Chung, The Journal of urology 1992, 147, 1151, c)
J. L. Camps, S.-M. Chang, T. Hsu, M. R. Freeman, S.-J. Hong, H. E. Zhau, A. C.
von Eschenbach, L. Chung, Proceedings of the National Academy of Sciences

1990, 87, 75.

95



[5] a) E. Cukierman, R. Pankov, D. R. Stevens, K. M. Yamada, Science 2001,
294, 1708; b) F. Grinnell, Trends in cell biology 2003, 13, 264; c) K. M. Yamada, E.
Cukierman, Cell 2007, 130, 601.

[6] a) V. L. Tsang, A. A. Chen, L. M. Cho, K. D. Jadin, R. L. Sah, S. DelLong, J.
L. West, S. N. Bhatia, The FASEB Journal 2007, 21, 790; b) D. Huh, G. A.
Hamilton, D. E. Ingber, Trends in cell biology 2011, 21, 745; c) S. H. Oh, S. G.
Kang, E. S. Kim, S. H. Cho, J. H. Lee, Biomaterials 2003, 24, 4011.

[7] S. Knowlton, S. Onal, C. H. Yu, J. J. Zhao, S. Tasoglu, Trends in
biotechnology 2015, 33, 504.

[8] a) V. Chan, P. Zorlutuna, J. H. Jeong, H. Kong, R. Bashir, Lab on a Chip
2010, 10, 2062; b) B. Derby, Science 2012, 338, 921; c) F. P. Melchels, J. Feijen,
D. W. Grijpma, Biomaterials 2010, 31, 6121; d) S. Tasoglu, U. Demirci, Trends in
biotechnology 2013, 31, 10.

[9] R. Chang, J. Nam, W. Sun, Tissue Engineering Part A 2008, 14, 41.

[10] M. Nakamura, A. Kobayashi, F. Takagi, A. Watanabe, Y. Hiruma, K. Ohuchi,
Y. Iwasaki, M. Horie, |. Morita, S. Takatani, Tissue engineering 2005, 11, 1658.
[11] K. Nair, M. Gandhi, S. Khalil, K. C. Yan, M. Marcolongo, K. Barbee, W. Sun,
Biotechnol. J 2009, 4, 1168.

[12] F. Xu, J. Celli, I. Rizvi, S. Moon, T. Hasan, U. Demirci, Biotechnology journal
2011, 6, 204.

[13] a) U. Bhutani, A. Laha, K. Mitra, S. Majumdar, Materials Letters 2016, 164,
76; b) M. A. Abd El-Ghaffar, M. S. Hashem, M. K. El-Awady, A. M. Rabie,

Carbohydrate polymers 2012, 89, 667.

96



[14] a) E. Rosellini, C. Cristallini, N. Barbani, G. Vozzi, P. Giusti, Journal of
biomedical materials research. Part A 2009, 91, 447; b) R. Yin, Y. Huang, C.
Huang, Y. Tong, N. Tian, Materials Letters 2009, 63, 1335.

[15] Q. Jiang, J. Xu, T. Li, C. Qiao, Y. Li, Journal of Macromolecular Science,
Part B 2013, 53, 133.

[16] C. G. Gomez, M. Rinaudo, M. A. Villar, Carbohydrate Polymers 2007, 67,
296.

[17] E. Fennema, N. Rivron, J. Rouwkema, C. van Blitterswijk, J. de Boer,
Trends in biotechnology 2013, 31, 108.

[18] M. A. d. Faute, L. Laurent, D. Ploton, M.-F. Poupon, J.-C. Jardillier, H.
Bobichon, Clinical & Experimental Metastasis 2002, 19, 161.

[19] S. Nath, G. R. Devi, Pharmacol Ther 2016, 163, 94.

[20] A. lvascu, M. Kubbies, International journal of oncology 2007, 31, 1403.

[21] C. C. Park, H. Zhang, M. Pallavicini, J. W. Gray, F. Baehner, C. J. Park, M.
J. Bissell, Cancer research 2006, 66, 1526.

[22] a) G. Mehta, A. Y. Hsiao, M. Ingram, G. D. Luker, S. Takayama, Journal of
controlled release : official journal of the Controlled Release Society 2012, 164,
192; b) K. Bloch, H. Smith, V. van Hamel Parsons, D. Gavaghan, C. Kelly, A.
Fletcher, P. Maini, R. Callaghan, Cell Biochem Biophys 2014, 68, 615.

[23] C. Han, S. Takayama, J. Park, Scientific reports 2015, 5, 11891.

[24] R. Akasov, D. Zaytseva-Zotova, S. Burov, M. Leko, M. Dontenwill, M.
Chiper, T. Vandamme, E. Markvicheva, International journal of pharmaceutics

2016, 506, 148.

97



6. Chapter V

A nitrogen-doped carbon nanotube, alginate and alginate/gelatin composite
hydrogels as a 3D bioprinting ink

Alginate and gelatin are two of the most common materials used as printable
hydrogels. However, alginate has limited tunable physical properties that can be
modulated via crosslinking. An alternative approach to crosslinking is to create
composites between the biopolymer gels and nanomaterials such as carbon
nanotubes (CNTSs), which have unique physicochemical-mechanical properties with
a large surface area that introduces a surface roughness that is present in the
human extracellular matrix. Mixing CNTs with alginate/gelatin blend, or focal
adhesion peptide modified alginate, can create bioprintable materials with tunable
properties and broad applications ranging from tissue regeneration to cancer cell
migration in 3D environments. Three types of composites were prepared: 1)
alginate+nitrogen-doped CNTs (CNy) hydrogel; 2) alginate/gelatin+CNx gels and 3)
oxidized alginate covalently crosslinked with CNy and mixed with an
alginate/gelatin solution. As biological models, MDA-MB-231 and IMR-90 cells
were used. Cells were separately blended in the hydrogels before printed by an
extrusion-based printer. The samples were analyzed mechanically, physically, and
biologically. Alginate hydrogels caused more stress for cells than alginate+CNjy
gels. Aginate/gelatin hydrogels (with or without nanomaterials) showed
biocompatibility with cells, as well as alginate-wrapped CNx hydrogels. The
alginate/gelatin+CNy, composite hydrogel can enable the ability to tune properties
such as the mechanical, electrical, or optical characteristics of the otherwise inert

alginate gel.
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A nitrogen-doped carbon nanotube, alginate and alginate/gelatin composite

hydrogels as a 3D bioprinting ink

1. Introduction

Carbon nanotubes (CNTs) are graphitic sheets grown as hollow cylinders
made of a single, double or several layers concentrically arranged capped by
fullerene hemispheres. CNTs have diameters ranging from a few nanometers, 0.4
to 2 nm for single walled carbon nanotubes (SWCNTSs), 2 to 200 nm for multi-wall
carbon nanotubes (MWCNTSs), and lengths ranging from hundreds of nanometers
to micrometers [1-3]. Due to their physical, chemical, electrical and thermal
properties [2], they have shown the potential to be used in drug delivery, biosensor,
antimicrobial nanocomposite film and cellular scaffolding.

The physicochemical-mechanical properties and nano-sizes of CNTs
provide them highly porosity and lightweight as wellas significantly large surface
areas and similar surface roughness present naturally in collagen fibers of the
extracellular matrix (ECM) [4]. It has been documented that CNT greatly influence
cell adhesion, proliferation and differentiation; due to this, CNTs could provide a
mimetic structure of ECM for use as cellular scaffolds [3, 5, 6].

Research on cellular response to either non-functionalized or functionalized
(addition of functional groups on a graphite surface) MWCNT has been extensive.
Chemical doping (carbon atoms substitution) with nitrogen of CNTs (CNy) has
presented positive effects on cellular biocompatibility [3, 7]. Non-functionalized and
functionalized CNTs have been mixed with different polymers (to form composites)

such as poly-DL-lactide [8], collagen [5, 9] and their derivate gelatin [10],
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hydroxyapatite [11] to change their physicochemical properties, and then, increase
their biocompatibility with mammalian cells to use these nanomaterials as scaffolds
or biomimetic implants. CNyx has presented more positive effects on cellular
response than other types of nanotubes (e.g. single walled, double walled, multi
walled, non-functionalized or functionalized), this is due to the presence of nitrogen
in the graphitic network [7]. For this reason, composites of CNy could be better than
others and could be used in tissue engineering.

The fabrication of patterned microstructures within a three-dimensional (3D)
matrix is a challenge in tissue engineering and regenerative medicine. Bioprinting
technology such as rapid prototyping and direct-writing is a leading novel
technology for the fabrication of microstructures that mimic complex tissue
modules [12]. In order to develop a biomimetic implant, fabrication methods and
the selection of proper biomaterial are two crucial factors. The biomaterial should
cover several features such as well mechanical elasticity and strength, diffusion
properties, high porosity that allows the transport of nutrients, oxygen and waste
[13].

Hydrogels are one of the most common matrixes employed in regenerative
medicine due to their biocompatibility, interexchange of nutrients and oxygen, and
highly hydrated 3D network that structurally resemble the EMC. Natural polymers
such as collagen, alginate, and chitosan have better biocompatibility than synthetic
polymer gels, but they have limitations in mechanical properties [13]. As mentioned
above, CNT have great mechanical properties, and the use of these nanomaterials
in combination with hydrogels could be an excellent material to use in tissue

regeneration, by using a bioprinter for scaffold elaboration.
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2. Materials and methods
2.1. Synthesis and purification CN

CNyx were synthesized using the chemical vapor deposition (CVD) method.
As chemical precursors, 2.5 wt. % ferrocene in benzylamine was used to produce
them. The solution was placed into a reservoir and atomized, then aerosol was
carried by an Argon flow at 2.5 L/min into a quartz tube 100 cm in length, placed
inside of a two tubular furnaces heated up to 850°C. After 30 min of synthesis, the
quartz tube was cooled down to room temperature and CNy were collected by inner
scrape. CNy purification was carried out by acid treatment of HNO3:H,SO,4 under
sonication using an ultrasonic bath operating at 100 W (Branson 2510 Ultrasonic
Cleaner, 42 kHz) during 12 h at room temperature. Samples were diluted with
distillated water and recovered by filtration using 0.22 um fluoropore PTFE

membranes (Millipore).

2.2. Cell culture

Breast cancer cells (MDA-MB-231, labeled with GFP) and human cancer
associated fibroblasts (IMR-90, labeled with mCherry) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, pH 7.2 supplemented with 10% fetal bovine
serum (GIBCO), 100 U/mL penicillin, 100 pyg/mL streptomycin and 0.25 pg/mL
amphotericin B (SIGMA)) at 37°C and 5% of CO; until 80% confluence. Cells were

harvested by incubation with a trypsin-EDTA solution for 10 min.
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2.3 Preparation of alginate and alginate/gelatin hydrogels with CNy

CNy (0.01, 0.05, 0.1 %, w/v) in PBS (Phosphate-Buffered Saline) were
suspended by sonication for 30 min. Then, 3% sodium alginate (Protanal LF 10/60
FT) or 3% alginate+7% gelatin (AG) mix (Sigma) was incorporated and stirred for 1
h at 60°C and 2 h more at room temperature (RT). Samples were transferred to
clean tubes, centrifuged at 2,000 rpm during 5 min and storage at 4°C until use.
Alginate, gelatin and CNy powders were sterilized by UV-light overnight previous to

mix. A and AG hydrogels without CNy were used as control.

2.4 Oxidation of alginate and covalent crosslink with CNy

To obtain alginate-wrapped CNy (CNy-A), 4 gr of sodium alginate was stirred
in 300 mL of distillated water during 1 at 60 °C and then 3 h at RT. In parallel, 40 gr
of sodium periodate was mixed in 100 mL of distillated until it was dissolved. A
sodium periodate solution was poured into the alginate solution and stirred during
24 h at RT in dark bottles. The reaction was quenched by the addition of an excess
of ethylene glycol (3.5 molar ratio), mixed for 30 min and 0.4 M NaCl was added.
Oxidized alginate was recovered by precipitation with two volumes of ethanol,
centrifuged at 2,500 rpm at RT for 5 min and washed with distillated water; then,
oxidized alginate was precipitated again, dialyzed against water, freeze-dried and
storage at -20 °C [14].

Oxidized alginate and CNy were chemically crosslinked by carboxyl reaction.
Briefly, 260 mg of oxidized alginate and 15 mg of CNy were stirred separately each
in 10 ml of 0.05 M MES buffer (2-morpholinoethane sulfonic acid, pH 5.40) at RT

during 1 h. Subsequently, 0.192 M N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
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(EDC) and 0.115 M N-hydroxysuccinimide (NHS) were dissolved in 40 mL MES
buffer. Oxidized alginate and CNjy solutions were added to EDC/NHS solution and
stirred for 4 h at RT. Finally, the CNy-A sample was freeze-dried, dialyzed against
water for 24 h, freeze-dried again and stored at -20 °C [15]. CNx-A composite was
added to AG hydrogel (AG+CNyx-A) at a final concentration of 0.1% for biological

tests.

2.5 Mechanical, physico-chemical characterization and SEM imaging

Mechanical properties were characterized by rheometry. The data were
taken by an oscillation rheometer MCR 302 (Anton Paar, US). A disk was
fabricated by 3D printing to slice the material column into thin disks with dimension
®25mm x 1mm prior to each test. A cylinder flat geometry with diameter 25mm
(PP25) was mounted to the rheometer. All the experiments were triplicated.

FTIR experiments were carried out to confirm the presence of alginate and
CNy in the CN4-A hydrogels. Hydrogels were freeze-dried and powdered to get
their infrared spectra by using a FTIR-ATR spectrophotometer (Nicolet 6700/Smart
iTR, Thermo Scientific), the results were plotted in a wavelength range from 4000
to 500 cm™!. Raman characterization was performed by using a laser of 785 nm in
alginate and alginate-CNy hydrogels.

The internal structure of the hydrogels was analyzed by scanning electron
microscopy (SEM, Hitachi SU-3500 Variable Pressure). Alginate hydrogels were
crosslinked with 50 mM CaCO3; and 100 mM D-gluconic acid d-lactone (DGL) and

AG hydrogels with 100 mM CacCl,, rinse with PBS and incubated for 1 h at 37 °C;
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then, rinsed with water, immediately frozen in liquid nitrogen and freeze-dried

overnight. Samples were analyzed under SEM at 25.0 kV and 70 Pa.

2.6 Biological testing of hydrogel

For alginate and alginate+CN, hydrogel, IMR-90 cell suspensions 1x10°
cells/mL were mixed with the hydrogels and crosslinked with 50 mM CaCO3; and
100 mM D-gluconic acid &-lactone (DGL). For AG, AG-CNy or AG-CNy-A hydrogels
MDA-MB-231 or IMR-90 cells at 1x10° cells/mL were mixed separately with the
hydrogels, previously heated at 32°C, and 100 pL-disk were crosslinked by soaking
in 100 mM CacCl, for 30 s and rinsed with PBS. Disks were incubated for 7 days
and samples were taken at 24, 72 and 168 h at 37 °C/5% CO,. Culture medium
was changed each 2 days. The metabolic activity was determined by the MTS
assay following the manufacture’s procedure (Promega).

As a proof of concept, an extrusion bioprinter (BioScaffolder 3.1, GeSiM,
Germany) with a G25 dispenser tip was used to print different models. Images of
cell-laden hydrogels (disks and printed models) were taken by a confocal disk
inverted microscope (Olympus 1X83, Olympus Life Science) using a multi-position
and z-stack confocal image, then a maximum stack arithmetic was used to create

2D image.

3. Results
Figure 1 shows three different schematic models to modify the viscoelastic
properties of alginate and alginate/gelatin hydrogels. The first models represent the

dispersion of CNy followed by addition of alginate and gelatin polymers to create a
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viscous solution that will crosslink with Ca*" ions (Figure 1a). The second model is
the composite created by covalently binding oxidized alginate and CNy, creating
alginate-wrapped CNyx composite which will add to AG hydrogels (Figure 1b). The
last schema is the representation of alginate-grafted CNy, created by oxidation of
alginate at 1.3% (Figure 1c). The three different matrices proposed are made by

Ca'™" crosslink reactions.
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Figure 1. Schematic model of alginate+CNy hydrogels matrix. CNy mixed with
alginate (a),10% (b) or 1.3% (c) oxidized alginate.

Following the schematic model 1, Figure 2 shows the physical
characterization of alginate and alginate+CNy hydrogels. The D (defect mode) and
G (graphite mode) Raman bands at 1,311 and 1,586 cm™ correspond to
carbonaceous material (Figure 2a) while peaks at 811, 888, and 954 cm™

correspond to skeletal C-C and C-O stretching, deformational C-C-H and C-C-O
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bending modes of the alginate gel [16]. The alginate+CNy spectra had all peaks
suggesting that the polymer is not affected by CNj.

According to the mechanical results, the addition of CNy to alginate hydrogel
did not modify the mechanical properties of this hydrogel (Figure 2b-d). This could
be explained by the small quantity of CN, used in the hydrogel. Following with the
material characterization, SEM imaging was performed. Figure 3 shows the
different matrix formed by alginate (Figure 3a), alginate+CNy (Figure 3b) and
alginate/gelatin (Figure 3c) hydrogels. All the matrices showed a high degree of
porosity, but the hydrogel with CNy also showed high content of fibers, which could
help to support cell growth as well as encourage superior exchange rates of

nutrients and gases.
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Figure 2. Physical characterization of alginate and alginate+CN(0.1%). a) Raman
spectra of CNy (1), alginate (lI) and alginate-CNy hydrogel (lll). Dashed lines

indicate the corresponding peaks for alginate and CNjy typical peaks. Gelation time
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(b), viscosity (c) and elastic modulus (d) of alginate and alginate-CNy hydrogels.

Data are plotted as mean + SD. P <0.05), n 2 3.

Figure 3. Morphology of alginate, alginate+CNy and alginate-gelatin hydrogels.
SEM image of alginate (a, x80), alginate+CNy 0.1% (b, x100) and alginate-gelatin
(c, x100) hydrogels with a magnified image (inset x500).

Alginate and alginate+CN, were mixed with IMR-90 cells. Figure 4 shows
the viability of cells embedded in this hydrogels. Cell membrane integrity results
(trypan blue assay) showed a decrease viability of IMR-90 in alginate samples after
24 h, while cells in alginate+CNy hydrogels kept their viability near to 90%. The
viability of the cells decreased in all cases after 72 h (Figure 4a). However,
metabolic activity of cells (MTS assay) showed that cells had viability over 100% in
all case (Figure 4b). These results suggest that cells in alginate hydrogels had
more metabolic activity, indicating cell stress due to the low quantity of cells in the
hydrogel after 72 h of culture.

Since alginate hydrogel damaged the cells more that alginate+CNy, the next
step was to analyze the biological properties of AG and AG+CNy hydrogels. In
Figure 5 is presented the results of the metabolic assay of two cells types
embedded in AG and AG+CNy hydrogels using different concentration of
nanomaterial. Concentration of 0.1% CN decreased the metabolic activity of IMR-

90 cells after 24 h of incubation (Figure 5a), meanwhile 0.05 and 0.1% of CNy
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increased the metabolic activity of MDA-MB-231 cells after 72 h (Figure 5b).
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Figure 4. Membrane integrity and metabolic activity of IMR-90 cells determined by

trypan blue (a) and MTS (b) assays. Data are plotted as mean £ SD. P <0.05), n =2
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Figure 5. Metabolic activity of IMR-90 (a) and MDA-231 (b) cells embedded in
alginate/gelatin (AG) and alginate/gelatin+CNy hydrogels. Data are plotted as mean
+SD. P <0.05), n = 3.

Due to the simple addition of CNy to hydrogels did not modify the
mechanical properties of hydrogels; chemically crosslink of alginate with CN, was
done. Figure 6 shows the FTIR spectra of CN4-A composite and the metabolic

activity of MDA-MB-231 cells. The peak at 1,722 cm™ corresponds to carboxyl
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groups in oxidized alginate (Figure 6a, Ill); meanwhile, a peak at 3,295.68 cm™
appears, which corresponds to amine groups of CNy (Figure 6a, 1l). The absence
of these peaks in CNx-A composite confirmed the crosslinked material (Figure 6a,
). As a preliminary result, the metabolic activity of MDA cells was not affected by
the presence of either CNy or CN4-A composite after 7 days of culture (Figure 6b).

This result suggest that CNy and derivate are biocompatibles with MDA-MB-231

cells.
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Figure 6. FT-IR spectrum of alginate-wrapped CNy (a, 1), CNx (a, Il) and oxidized
alginate (a, lll). Metabolic activity of MDA-231 cells (b) embedded into
alginate/gelatin (AG), alginate/gelatin+CNy (AG+CNy) or alginate/gelatin+alginate-
wrapped CNy (AG-CN4-A) hydrogels. Cells were mixed separately with hydrogels
and cultured for 7 days. Data are plotted as mean = SD. P < 0.05), n = 3.

As a proof of concept, AG+CNy hydrogel was used for printing propose.
Figure 7 shows some in vitro models of cell-laden gels. This material showed high
stability in complex geometries as well as good dispersion of cells. The

alginate/gelatin-CNTs composite hydrogel can enable the ability to tune properties
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such as the mechanical, electrical, or optical characteristics of the otherwise inert

alginate gel.

Figure 7. Bioprinted models using AG-CNy hydrogel. Honey comb (a), pyramid (b)
models and an IPICyT stamp model containing IMR-90 (red) and MDA-231 (green)

cells (c).
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Anexos

A) Production of CNx by chemical vapor deposition (CVD) and purification of

nanomaterials

1.

The CVD system consisting of an aerosol generator and a 100-cm-long
quartz tube placed inside of two 60-cm-long horizontal tube furnaces
together and a middle tramp of acetone (Figure 1).

Prior to CNy synthesis, the furnaces are heated to 850 °C and temperature
is kept constant.

A solution of 2.5 wt. % ferrocene in benzylamine is sonicated for 1 h.

Three hundred milliliters of 2.5 wt. % ferrocene in benzylamine solution are
placed into the piezo-driven aerosol generator.

The generated spray (aerosol) is carried by argon flow at 2.5 L/min through
heated quartz tube.

After 30 min of synthesis, the quartz tube is cooled down at room
temperature (RT) and washing with ethanol to remove benzylamine, and
acetone to remove amorphous carbon and non-add CN.

For CNy recovery, the quartz tube is divided into fractions of 1 cm (Figure 2),
and then each fraction is recovered by inner scrap and collected separately.
CNy fractions are sonicated by ultrasonic bath operating at 100 W (Branson
2510 Ultrasonic Cleaner, 42 kHz) with absolute ethanol during 1 h at RT and
filtrated using 0.45 pm membrane filters.

CNy are recovered from membranes and put into Erlenmeyer flask where

they are sonicated again in presence of acid treatment (HNO3:H,SOq4, 1:3)
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during 12 h on ice. The ratio of acid:CNy is 1:1 (1 mL of acid mix per 1 mg of
nanomaterials).

10.Purified CNy are diluted with distillated water, keep on repose during 48 h
and filtered with 0.45 um membrane filters.

11.Finally, CNy are recovered from filters and died at 60°C during 24 h.

Furnaces

Quartz tube

Acetone
trap

Aerosol
generator

Figure 1. Schematic model of synthesis of CNy using two furnaces and a middle

trap of acetone.

| Fractions |
Start End
[

T —

ENX recove};

Figure 2. Recovery of CNy fractions by inner scrape.
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The effect of nitrogen-doped multiwall carbon nanotubes (CN,) on the proliferation of NIH-3T3 murine fibroblasts is presented.
CNTs were dispersed in distillated water and incubated with mammalian cells in order to evaluate their toxicity. Also, the influence
of factors such as dosage (7 and 70 pug/mL), exposure time (24 to 96 h), and the exposure route (before and after cell liftoff) on
the cell proliferation was evaluated. When the CN, were simultaneously incubated with the cells, the control culture reached a
maximum cell concentration of 1.3 x 10° + 3.4 x 10* cells per well at 96 h, whereas cultures with 7 ug/mL reached a concentration
of 2.6 x 10* + 5.3 x 10° cells. In the case of 70 yg/mL of CN, most of the cells were dead. The CN, that were added 24 h after cell
dissociation showed that live cells decreased, with a cell concentration of 9.6 x 10* + 9 x 10° for 7 yg/mL and 5.5 x 10* + 9.5 x
10° for 70 pg/mL, in contrast to control cultures with 1.1 x 10° + 1.5 x 10*. The results showed that the CN, had cytotoxic effects

depending on the concentration and exposure route.

1. Introduction

A wide range of nanomaterials has been developed for several
applications over the past few vears. Due to their physical,
chemical, electrical, and thermal properties, and since their
discovery in 1991 [1], carbon nanotubes (CNTs) have shown
a potential for use in drug delivery, biosensor, antimicrobial
nanocomposite film, and cellular scaffolding. CNTs are tiny
hollow cylinders, made from a single, double, or several layers
of graphene that are concentrically arranged and capped by
fullerene hemispheres. They have diameters ranging from 0.4
to 2 nm for single walled carbon nanotubes (SWCNTs) and
from 2 to 200 nm for multiwall carbon nanotubes (MWC-
NTs), and lengths ranging from hundreds of nanometers to
micrometers [1-3]. Since CNTs have an asbestos-like shape,

research into their toxicity and potential risks to human
health has been intensified [4-7].

Studies on cellular response in nonfunctionalized or
functionalized (addition of functional groups on a graphite
surface) MWCNT have been extensive. Chemical doping
(carbon atoms substitution) with nitrogen of CNTs (CN,)
was suggested to have positive effects on mice survival
[8] and showed an improvement in cell-adhesion strength,
viability, and proliferation of mammalian cells [3, 9], in
contrast with the MWCNT. However, cytotoxic effects of
CN, have also been reported, where long length CN, were
more toxic than other functionalized CNTs [10]. Researches
have demonstrated that cells exhibited variable responses to
CNTs depending on different factors such as the method
of synthesis, impurities, length and diameter, type (pristine,



functionalized, and doped), degree of dispersion/agglomer-
ation, dispersant, CNT concentration, time exposure, cellular
type, and protein adsorption [2, 5, 6, 8, 11, 12]. Due to
the inconsistency in CN, biocompatibility, more studies
regarding cell response to these nanomaterials are necessary.

In the body, cell motility and wound healing are carried
out by cell detachment, which is generated by proteolytic
processes using endogenous proteases [13]. One of the most
common enzymatic methods used for cell detachment in
adherent-cell-subculture is trypsinization; trypsin cuts adhe-
sion proteins to yield disaggregated cells with a rounded
appearance. Although many cells are able to tolerate trypsin
digestion during a short period of time, trypsinization causes
cell stress affecting cytoskeleton proteins that are involved in
regulating cell adhesion, stability, and elasticity [14-16].

CNTs have the capacity to adsorb a wide range of proteins,
especially those rich in histidine, tryptophan, and pheny-
lalanine [12], and also adhesion proteins from extracellular
matrix (fibronectins, collagen) and transmembrane-proteins
(integrins) [17]. Since enzymatic cell detachment can produce
residual fragments of adhesion proteins, these fragments
could interact with CNTs altering the extracellular matrix
metabolism which is regulated by a complex mechanism
including cell-cell and cell-matrix interactions [13, 17]. For
this reason, the knowledge of cell-CNTs interactions is
essential for cell scaffold development that is used in tissue
regeneration.

The aim of this study was to evaluate the possible toxic
effect of CN,, on NIH-3T3 murine fibroblast stressed by enzy-
matic detachment and nonstressed cells, in which a natural
cell detachment stress was simulated by a trypsin incubation
during a short period of time. Exposure route was defined
in this work as the way to add nanomaterials to cell cultures
(stressed and nonstressed cells). Besides several parameters
are required to determine if new materials are safe for
biomedical use; the effects of CN, concentration and expo-
sure time were also evaluated.

2. Materials and Methods

2.1. Synthesis, Purification, and Characterization of CN,. In
this way, CN, were synthesized by using the chemical vapor
deposition (CVD) method. As a chemical precursor 2.5 wt%
ferrocene in benzylamine was used; the solution was placed
into a reservoir and atomized. The aerosol was carried by an
Argon flow at 2.5 L/min into a quartz tube 100 cm in length,
placed inside of two tubular furnaces heated at 850°C. After
30 min of synthesis, the quartz tube was then cooled at room
temperature and the CN, were collected by internal scraping.
Then, the pristine CN, were purified and dispersed by using
a pulsed probe sonicator in water under reflux, followed by a
reflux in 6 M HCl and filtration.

Consequently, the purified CN, were analyzed by scan-
ning electron microscopy (SEM) as follows: first, the nano-
materials were pounded into a whole powder and separated
into equal portions. Then, each portion was loaded into
pins and visualized by SEM (Philips-XL 30 SFEG; Dual
Beam (FIB/SEM) FEI-Helios Nanolab 600 equipped with an
EDX detector) to determine lengths, diameters, and chemical
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composition of CN,.. Raman characterization was performed
using a laser of 633 nm in Raman Renishaw Micro-Raman
equipment.

2.2. Preparation of Dispersion of Purified CN,. Stocks of puri-
fied CN, were dispersed in distillated water at 1 mg/mL. Then,
the samples were sonicated by an ultrasonic bath at 42kHz
and 100 W (Branson 2510 Ultrasonic Cleaner), at 40°C for 8 h,
having as a result stable dispersions; these conditions were
strong enough to obtain no visible agglomerates of purified
CN,. Finally, all the stocks were stored at 4°C until further
use.

2.3. Cytotoxicity Assays. The effects of purified CN, on the
viability of NIH-3T3 murine fibroblast were evaluated by
using the Trypan-blue exclusion method. Briefly, the cells
were defrosted and cultured in a basal-IMDM (Iscoves
Modified Dulbecco’s Medium, SIGMA) at pH 7.2 and sup-
plemented with 10% fetal bovine serum (GIBCO), 100 U/mL
penicillin, 100 ug/mL streptomycin, and 0.25 ug/mL ampho-
tericin B (SIGMA), using 24-well plates (Corning) over a
period of 72h in a humidity chamber at 37°C and CO, 5%
(Shell-Lab). After three passes, when 80% of cellular conflu-
ence was reached, the cells were washed twice gently with
PBS (pH 7.2) and then harvested by incubation with trypsin-
EDTA (0.25%-1X, GIBCO) for 10 min. Cell suspensions with
a density of 2 x 10° cells per well were added into 96-well
plates in absence or presence of purified CN, at final concen-
trations of 7 and 70 pg/mL. For exposure route experiments,
purified CN,. were added (1) immediately after cell dissocia-
tion (stressed cells) or (2) fibroblasts were firstly incubated for
24 h and then purified CN, were added into each well (non-
stressed cells). Samples were washed twice gently with PBS,
incubated with trypsin for 6 min, and cells were counted by
using the Trypan-blue method. During the 96 h of exposure
with the nanomaterial, samples were taken each 24 h. NIH-
3T3 cell cultures without nanomaterials were used as control.
To avoid variation on purified CN, concentration in cell cul-
tures when medium was changed, kinetics were carried out
using a working volume of 250 L without medium replace-
ment.

2.4. Statistics. The data is presented as the mean + standard
deviation, with a statistical comparison of one- and two-way
ANOVA. We used Dunnett’s posttests to compare treatments
with control groups, and p values <0.05 were considered
significant. All experiments were done in triplicate.

3. Results and Discussion

3.1. Determination of Length and Diameter of Purified CN,.
Figure 1 shows SEM micrographs and size distribution of
purified CN,.. Micrographs by the X1.30 and Helios are shown
in Figures 1(a) and 1(c), respectively. A few bundles were
found in purified CN, samples to determine the lengths
of nanomaterials (Figure1(a)). The length range was 10
to 130 um, being the most abundant lengths of 40-50 um
(Figure 1(b)). In micrographs of purified CN,, the nanomate-
rials seemed to have similar diameters (Figure 1(c)), but, after
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FiGure 1: SEM micrographs of CN, morphology and size distribution. Lengths were obtained from bundles of purified CN, ((a), pointed
with yellow arrows) and plotted to generate distribution patterns. Diameters were obtained from individual tubes from Helios SEM images

(c) and distribution was plotted (d).

an analysis with the Helios microscopy, the diameter sizes
were around 10-80 nm, with a diameter predominance of 20-
40 nm (Figure 1(d)).

Nanomaterial sizes were obtained from their own bundles
and short “fibrous” structures (Figure 2). The number of
bundles among different samples of purified CN, was small
(around 38 bundles) (Figures 2(a)-2(c), yellow arrows), as
well as in between the same sample (Figures 2(d)-2(f)). Since
purified CN, samples were mostly agglomerated in big struc-
tures by dry process, the determination of their total lengths
was difficult; thus only the bundles lengths were reported. The
presence of amino groups in the CN, could be the reason
to find less bundles in samples, due to their weaker van der
Waals interactions, resulting in lower formation of bundles

[8].

3.2. Raman and EDX Characterization of Pristine and Purified
CN,. Figure 3 shows the Raman spectra of pristine and
purified CN, plotted between 100 and 3000 cm™". The bands
D (defect mode), G (graphite mode), and G’ (second order

mode) situated at 1340, 1592, and 2686 cm™", respectively, are

the typical peaks corresponding to carbonaceous materials.
In the case of purified CN,, the shifting to higher frequencies
of G band suggests that nitrogen doping decreased. The I, /I;
values were 1.1488 and 1.2815 for pristine and purified CN,,
respectively. This increasing in I, /I; ratio has been suggested
as an evidence for sidewall functionalization of CNTs [18, 19].

With respect to chemical composition of our CN, (pris-
tine and purified), EDX analysis was carried out. Figures
SI and S2 (see Supplementary Material available online at
http://dx.doi.org/10.1155/2015/801606) show the SEM images
and their respective EDX graphs. The average quantity of
iron in pristine samples was of 2.22 wt% (Figure S1), which
decreased after purification process to 0.61 wt% (Figure S2),
indicating the elimination of this contaminant (see Supple-
mentary Material for the quantities of carbon, nitrogen, and
oxygen elements).

3.3. Effect of Purified CN, on Murine Fibroblasts Nonstressed
and Stressed. 3T3 murine fibroblasts were used as a model for
stromal cells, which can be found in matrix and connective
tissue throughout the body. Figure 4 shows the kinetics of
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FI1GURE 2: Representative SEM images of whole sample dry purified CN,. (a—c) Different parts of sample from whole sample; (d-f) the same
sample different fields. Yellow arrows pointed to bundles of purified CN,. Big structures are agglomerates of CN'Ts which were easy to disperse

in water.
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F1GURE 3: Raman spectra of pristine and purified CN_ at 633 nm.

fibroblasts growth with water-dispersed purified CN,. When
the cells were incubated simultaneously with the purified
CN,, the control culture (without purified CN,) reached a
maximum live cell concentration of 1.3 x 10° + 3.4 x 10* cells
per well at 96 h; meanwhile cultures with 7 ug/mL reached
2.6 x 10* + 53 x 10® cells, and a drastic no cell survival
was at 70 pg/mL of purified CN, (Figure 4(a)). Purified CN,
added after 24 h of cell dissociation showed a decreased live
cell, with a cell concentration of 9.6 x 10* + 9 x 10° for
7 ug/mLand 5.5 x 10* + 9.5 x 10° for 70 ug/mL, compared to
control culture with 1.1 x 10° + 1.5 x 10%, at 96 h of exposure
(Figure 4(b)). Results suggest that nanomaterials exhibited

toxic effects, in concentration and exposure route-dependent
manner. No effects concerning time exposure were observed.
Murine fibroblasts were susceptible to purified CN,
in concentration and exposure route-dependent manner.
As previously mentioned, toxicity/biocompatibility of CNTs
(SWCNT, MWCNT, and functionalized CNTs) on mam-
malian cells depends on different factors [6, 20, 21]. A lot
of data research has shown the toxicity of CNTs [22-25]
in human mesenchymal stem cells [26], 3T3 LI fibroblasts
[27], 3T3 fibroblast, telomerase, immortalized human bron-
chiolar epithelial cells, RAW 264.7 macrophages [6], mouse
fibroblast cell 1929, and mouse adipose-derived stem cells
[3], but, to our knowledge, no experiments about the effects
of CNTs have been reported on mammalian cells stressed by
enzymatic detachment, which is a natural process in the body.
Treatments with water-dispersed purified CN, immediately
added after cell liftoff (stressed cells by trypsin) were more
toxic than purified CN, added after 24 h of cell dissociation,
suggesting that exposure route factor had negative effects on
cell proliferation. This could have been caused by interaction
of CNTs with residual fragments of adhesion proteins gen-
erated after cell trypsinization [12], which can still adversely
affect cytoskeleton proteins that are involved in regulating
cell adhesion, stability, and elasticity [14-16, 28]. However, in
this work, only the cell proliferation was evaluated as a first
approach to determine the purified CN, toxicity; therefore,
more studies are required and are currently underway.
Specific growth rate () was calculated from exponential
growth phase of fibroblasts and used as a parameter to eval-
uate the effect of purified CN, on cell growth. In 7 pg/mL of
dispersed-water purified CN, incubated simultaneously with
cells, p was lower (0.031 + 0.004 h™") than control cultivation
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F1GURE 4: Effects of water-dispersed purified CN, on NIH-3T3 murine fibroblast proliferation. Purified CN_ were incubated with fibroblast
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compared to untreated controls (p < 0.05);n = 3.
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F1GURE 5: Variations in pristine CN, length (a) and diameters (b) obtained from three different fractions of the same batch.

(0.048 + 0.004 h™1); since no cells survived at 70 ug/mL, y was
not determined. Concerning incubation of cells with nano-
materials for 24 h after cell liftoff, values of y were 0.044 +
0.002h™" for control culture and 0.037 + 0.002h™" and 0.035
+0.001 h™" for purified CN, at 7 and 70 pg/mL, respectively;
both concentrations affected negatively u. Results confirm
a cytotoxic effect that is concentration and exposure route
dependent.

3.4. Morphology Diversity of Pristine CN,. In several investi-
gations about cytotoxic effects of CNTs, these nanomaterials
are purchased from companies, which are synthesized by
CVD. However, researchers have reported different patterns
in the bulk growth of CNTs during their synthesis, showing

that the CVD method produces a wide range of CNTs
morphologies with varieties of lengths and diameters [29]. In
preliminary results, different fractions from the same batch
were analyzed by SEM showing a wide collection of pris-
tine CN, sizes (Figure5), with lengths of range between
30 and 250 ym (Figure 5(a)) and diameters of 24-60 nm
(Figure 5(b)). Figure 6 shows a SEM micrograph gallery of
the morphology of the different pristine CN, fractions, where
the variations in lengths (Figures 6(a)-6(c)) and diameters
(Figures 6(d)-6(f)) among three fractions are clear. The mor-
phology variation of CN'Ts could be the reason behind having
contradictory results regarding cytotoxicity/biocompatibility
of CNTs reported in several researches, and this issue should
be studied in order to understand the relationship between
CNTs and mammalian cell response.
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FIGURE 6: Electron micrograph gallery depicting the size diversity of pristine CN, found in three different locations (fractions) from the
quartz tube. Fractions: I (a, d), IT (b, e), and III (c, f). Lengths (a—c) and diameters (d-f) of CN,.

4. Conclusion

Finally, purified CN, have a cytotoxicity effect that is directly
dependent on their concentration; also purified CN, showed
amore toxic effect in enzymatic stressed cells than in the non-
stressed ones. Since cells in the body are exposed to enzymatic
processes of detachment, the present study of the effects on
overstressed cells by enzymatic digestion is important for the
development and potential uses of these nanomaterials in the
biomedical field. On the other hand, chemical synthesis of
pristine CN, yields heterogenic product with substantial dif-
ferences on length and diameter size, which have distinctive
cytotoxic effects on the proliferation of NIH-3T3 cells. There
is still a long path that we must take in order to understand
the relationship between nanomaterials and mammalian
cells. However, concentrations up to 7 ug/mL of nanotubes
are well tolerated by the cells, and they could be used in
biomedical applications.
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ABSTRACT

Background: Driven by the potential biological applications of graphene, many groups have studied the response
of cells exposed to graphene oxide (GO). In particular, investigations of bacteria indicate that there are 2 crucial
parameters, which so far have only been investigated separately: GO size and exposure methodology. Our study
took into account both parameters. We carefully characterized the samples to catalog sizes and structural prop-
erties, and tested different exposure methodologies: exposure in saline soluticn and in the presence of growth
media. Furthermore, we performed experiments with peripheral blood mononuclear cells exposed to our GO
materials.

Methods: Atomic force microscopy, scanning electron microscopy, Raman spectroscopy, X-ray photoelectron
spectroscopy and transmission electron microscopy were used to characterize the morphology and composition
of different samples of GO: GO-H_O, GO-PBS and GO-MG. Our samples had 2D sizes of ~100 nm (GO-H,0 and GO-
PBS) and >2 um (GO-MG). We tested antibacterial activity and cytotoxicity toward peripheral blood mononuclear
cells of 3 different GO samples.

Results: A size-dependent growth inhibition of Escherichia coli (DH5 a) in suspension was found, which proved
that this effect depends strongly on the protocol followed for exposure. Hemocompatibility was confirmed by
exposing peripheral blood mononuclear cells to materials for 24 hours; viability and apoptosis tests were also
carried out.

Conclusions: Our experiments provide vital information for future applications of GO in suspension. If its anti-
bacterial properties are to be potentiated, care should be taken to select 2D sizes in the micrometer range, and
exposure should not be carried out in the presence of grow media.

Keywords: Antibacterial effect, Escherichia coli, Graphene oxide, Peripheral blood mononuclear cells

Introduction

The attention that graphene has attracted since its isola-
tion in 2004 is undeniable (1). Over the years, an increasing
number of scientific groups have been seduced by its amaz-
ing electronic, mechanical, optical and thermal properties,
and evidently, by its innumerable potential applications (2).
However, due to the hydrophobic nature of pristine gra-
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phene, in biomedicine, graphene oxide (GO) is considered a
better alternative thanks to its hydrophilicity, amphiphilicity
and availability of functional groups attached to its surface or
edges (3). Along with the debut of graphene and GO in bio-
logical applications has come the necessity of studying their
biocompatibility (4-13). Of particular interest have been the
reported antibacterial properties of GO (5, 7-11, 14). Akhavan
and Ghaderi (7) argued that the adverse effect of graphene
on bacteria is to be attributed to membrane damage by the
numerous sharp edges of GO, while others have focused on
oxidative stress as the toxic mechanism (8). A recent paper
by Mangadlao and coauthors (15) reported on the fabrication
of GO films through the Langmuir-Blodgett technique, where
graphene sheets lie flat on a polyethylene terephthalate (PET)
substrate. Thus the sharp edges of GO were not available to
pierce the membranes, and yet antibacterial activity was still
observed, suggesting that the antibacterial activity of GO
does not rely on membrane damage by its sharp edges. Liu
and coauthors (14) conducted experiments that showed that
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the antibacterial effect of GO depends on the sheet size, sug-
gesting that large graphene sheets wrap bacteria and block
interactions, isolating them from the environment, while
small sheets interact with bacterial surfaces in a nonharmful
way. These results confirmed the encapsulation by graphene
reported previously by another group in 2011 (16). Many
groups have studied the response of bacteria exposed to GO,
and although many researchers have agreed on its antibacte-
rial effect (5, 7, 8, 11, 13), a couple of research groups have
reported a contrary effect (9, 10). Ruiz et al (9) confirmed a
GO enhancement effect on Escherichia coli proliferation, and
Das et al (10) confirmed the kinetic growth of Pseudomonas
ageruginosa and E. coli in the presence of GO. These early
controversial reports have led to more investigations into the
subject. Recently, Hui and coworkers (17) conducted experi-
ments where they demonstrated that the discrepancies re-
garding the antibacterial effects of GO lie in the way that GO
is exposed to the bacteria. When bacteria is exposed to GO
in pure saline solution, the antibacterial effect is observed;
however, this antibacterial activity decreases progressively
when increasing amounts of Luria-Bertani (LB) broth are
added to the saline solution. They attribute this decrease
of bactericidal activity to the absorption of LB molecules on
the surface of the graphene; hence, the more the graphene
surface is free from adsorbates, the greater the antibacterial
effect it will have. Although this piece of research is very valu-
able and clarifies the controversial results above discussed, it
lacks important information about the characterization of the
GO used and does not take into account the size-dependent
antibacterial effect reported by Liu and coauthors (14). More-
over, an inspection of the GO materials shown on their figures
demonstrates a size-heterogeneous sample.

As described above, different groups have attempted to
study the antibacterial effect of graphene and have found
2 major influential parameters: size and exposure method-
ology. Our study brought together both approaches. We
carefully characterized the samples to catalog the sizes and
structural properties and tested different exposure meth-
odologies: exposure in saline solution and exposure in the
presence of growth media. Qur results indicated that the
antibacterial effect was not only size dependent but also de-
pended on the exposure technique.

When it comes to cytotoxicity toward mammalian cells,
the picture is not any more uniform (4, 12, 13, 18-25). Some
groups have reported on the biocompatibility of graphene (4,
13, 18, 21-23, 25), while others have discussed its toxicity in
terms of concentration and degree of oxidation (12, 19, 20,
26). The same dilemma applies to its hemocompatibility (12,
22, 27, 28). In any case, many authors who have written re-
views on this topic (23-25, 29, 30) have agreed on the need
to standardize protocols for the evaluation of cytotoxicity, be-
cause many studies are not comparable due to differences in
synthesis and processing methods of GO which yield a wide
spectrum of physicochemical properties. Sheet size, surface
functionalization, degree of oxidation, purity and defects are
some of the parameters of GO that vary from one report to
the other, rendering it very difficult to draw conclusions from
the available literature.

We carried out atomic force microscopy (AFM), scan-
ning and transmission electron microscopy (SEM and TEM),
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Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) to study the morphology and structure of different GO
materials. We also performed an exhaustive series of experi-
ments to test the effects of our GO samples on bacteria and
mammalian cells. We produced graphite oxide (GtO) from
expanded graphite using the modified Hummers’ method,
followed by a purification process (see “Materials and meth-
ods” and “Supplementary material”, available online at www.
jab-fm.com). Using this GtO, we obtained 3 different materi-
als: GO dispersed in water for 6 hours in an ultrasonic bath
(GO-H,0), GO dispersed in phosphate-buffered saline (PBS)
for 6 hours in an ultrasonic bath (GO-PBS) and GO manually
ground and dispersed in water (GO-MG). We confirmed that
the antibacterial effect of GO is size dependent and proved
that the protocol for exposure plays a crucial role. Our experi-
ments with peripheral blood mononuclear cells (PBMCs) con-
firmed the hemocompatibility of our different GO materials
for the exposure protocol used.

Materials and Methods
GO preparation

We obtained graphite oxide from expanded graphite (from
Nacional de Grafite, Brasil) using the modified Hummers’
method, followed by a purification process. We dispersed
graphite oxide in H,0 or PBS by sonication (ultrasonic bath) for
6 hours, thus obtaining GO-H,0 and GO-PBS, respectively. The
sample GO-MG was obtained by manually grinding graphite
oxide using a mortar (for further details, see “Supplementary
material”).

Raman spectroscopy

Raman spectroscopy analyses were carried out on a Witec
Alfa 300 spectrometer, with a 532 - nm laser line in backscat-
tering configuration using a microscope with a x50 objective.
The laser power was kept under 0.1 mW to avoid local heat
damage to samples. All spectra were acquired with 10 accu-
mulations of 10 seconds of integration time in the region be-
tween 100 cm™*and 3,600 cm™.

Atomic force microscopy

To carry out AFM imaging of the different GO samples, we
deposited a diluted solution of each GO on a Si/SiO2 wafer by
drop casting. The drop was carefully rolled over the wafer to
uniformly disperse single layers and a few layers of GO. Finally,
the excess of solution was blown off with nitrogen (N,). The
samples were dried in ambient conditions for 24 hours. The
AFM images were obtained in intermittent contact mode with
a JPK Nanowizard 3 using a silicon nitride tip (spring constant
of 40 N/m).

Transmission electron microscopy
Dispersed solutions of the different GO materials were
used to deposit them on Cu holey carbon grids (300 mesh).

A probe-corrected FEI Titan 80-300 microscope was used at
80 kV to minimize beam damage effects. Conventional bright

© 2016 The Authors. Published by Wichtig Publishing
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field images and high resolution transmission electron mi-
croscopy (HRTEM) images were taken. Electron energy loss
spectroscopy (EELS) measurements were done in spectrosco-
py mode (STEM-EELS) using a GIF 866 camera under the fol-
lowing experimental conditions: a =58.5 mrad, GIF aperture =
2.5 mrad, dispersion = 0.02 eV/ch with ZLP_,  resolution
of 0.8 eV.

M

Scanning electron microscopy

The GO solutions were diluted to a concentration of
5 pg/mL using deionized water. One drop of each solution
was deposited on a 300-nm SiOZ/Si substrate kept at 50°C on
a hot plate and allowed to dry. SEM images were obtained
at 15 kV and 50 pA, with secondary electron detection us-
ing the Through Lens Detector (TLD-detector) in FEI Helios
Nanolab 650.

X-ray photoelectron spectroscopy

XPS analyses were performed in an ultrahigh vacuum me-
dium (pressure of 10° mbar) using an Mg, Ka (hv = 1,253.6
eV) X-ray source, with power given by emission of 20 mA, ata
voltage of 15 kV. For the carbon element, the high-resolution
spectra were obtained with analyzer pass energy of 20 eV in
steps of 0.05 eV. The binding energies were referred to the
carbon 1s level of a neat graphite sample, set as 284.8 eV.

Cell contact to GO

In the literature, many groups have tested the antibacte-
rial activity of GO. Although the early reports were contra-
dictory, a recent study attempted to elucidate the nature of
these controversial effects (17). The authors state that the
observed antibacterial effect is directly related to the avail-
ability of graphene’s basal planes, and they further affirm
that when GO is exposed to bacteria, its effect is determined
by the media in which the 3-hour exposure takes place. If the
exposure is carried out in a saline solution, then GO will have
an antibacterial effect; when this exposure is carried out in LB
broth growth medium, no antibacterial effect was evidenced.

Having these results in mind and to avoid masking antibac-
terial effects by the medium components, we decided to test
the effect our GO-H,O material for the growth of the gram-
negative bacteria E. coli (DH5 a), probing 3 different exposure
times: 0,1and 3 hoursinsaline solution. Briefly, the experiment
consisted of growing E. coli at 37°C overnight. Then the culture
was changed with fresh medium and allowed to grow again to
the exponential phase. E. coli at 107 colony forming units/mL
was resuspended in saline solution (0.9% NaCl) and incubated
to a final concentration of 200 pg/mL of GO-H,O for 1 and
3 hours at 37°C and under agitation. As control, we used sam-
ples exposed to Milli-Q grade water. After this step (referred
to as exposure), cells along with the materials were harvested
by centrifugation, resuspended in 60 mL of fresh medium
and incubated at 37°C under agitation (the recovery step) for
500 minutes. For the 0-hour-exposure experiments, the cells
were put in contact with the material and immediately al-
lowed to undergo the recovery step (for more details, see
“Supplementary material”). After 500 minutes, the optical

© 2016 The Authors. Published by Wichtig Publishing
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density at 600 nm (OD_, ) of the cell cultures was measured,
readings were recorded 3 times and all experiments were per-
formed in triplicate.

We tested our materials on mammalian cells by exposing
PBMCs to different concentrations of GO-H O, GO-PBS and
GO-MG, and performed cell viability and apoptosis tests af-
ter 24 hours. PBMCs were isolated from the blood of healthy
individuals, and a protocol was followed for the separation
of PBMCs based on density gradient centrifugation (for fur-
ther details, see “Supplementary material”). Then the cells
were exposed to our materials at concentrations of 2, 20 and
200 pg/mL on multiwell culture plates for 24 hours, includ-
ing a positive and a negative control. The negative control
consisted of only medium and cells, and positive control
was 0.3% H,O,. We performed trypan blue cell viability tests
counting live/dead cells using a hemocytometer.

Results

Sample characterization

We thoroughly studied the physical and chemical proper-
ties of our GO materials. AFM, SEM and TEM were used to
figure out the morphological characteristics of the different
samples, and EELS and XPS to understand their chemistry.
Our studies revealed that the GO-H,0 sample contained small
fragments of GO with average 2D sizes of 100 nm and thick-
nesses of 1 or 2 layers (Fig. 1A, D and G; see also “Supple-
mentary material” for more details). The sample GO-PBS was
very similar in morphology to GO-H,0, as can be confirmed in
Figure 1B and E. This was not a surprise since both samples
were subjected to the same preparation treatment (6 hours
in ultrasonic bath); however, the difference between the
samples lay in the medium of dispersion (i.e., for GO-PBS,
PBS was used). This difference resulted in many PBS residues
that accompanied the GO sheets. Figure 1H shows a TEM im-
age of GO-PBS where an impurity can be seen. Furthermore,
Figure S2 (available online as supplementary material at
www.jab-fm.com) shows an SEM image where the impurities
are clearly localized on top of the GO, and our XPS analysis re-
vealed signals from Na, Cl, K and P that evidently came from
PBS residues.

Sample GO-MG showed very different characteristics.
Figure 1C, f and i reveal that GO-MG contained larger-area
GO sheets, averaging several microns, showing similar mor-
phological characteristics to those of exfoliated graphene.
Nevertheless, structural damage in the honeycomb structure
was detected.

Our XPS analysis of the C binding energies confirmed the
presence of sp? (C = C) at 283.9 eV and carbon atoms out of
regular sp? configurations (C-C/C-H) at 284.8 eV as expected
for GO (31). Beyond that, other oxygenated carbon functional
groups were observed, such as phenol or epoxide (C-OH/C-O-
C) between 285.8-286.3 eV, carbonyl groups (C = O) at 287.1
eV, carboxyl groups (COOH) at 288.7 eV and the n-nt* shake-
up satellite at approximately 291.0 eV typical of aromatic
delocalized electrons (32). Figure 2A, B shows XPS spectra of
GO-H,0 and GO-MG, respectively. It is clear that although the
nature of the bonds present in both samples is the same, their
distribution is different. This was expected, as both samples
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GO-PBS

were derived from GtO and dispersed in water; however,
the preparation method led to more sp? hybridization in the
GO-H,0 sample (18% against 9% in GO-MG; as confirmed by
EELS results in Fig. S3, available online as supplementary ma-
terial at www.jab-fm.com). On the other hand, the oxidized
functional groups also showed differences in composition:
the most intense component for GO-H,O were the carbonyl
groups (C = 0) (25%) (see Suppl Tab. | for information on the
EELS analysis, available online as supplementary material at
www.jab-fm.com), which were preferentially located on the
edges of graphene sheets, while for GO-MG, the most intense
component was the third component, C-OH/C-O-C (25%), as
shown in Supplemental Table |, typically located on the basal
plane of graphene (33).

As mentioned above, the XPS analysis of the GO-PBS sam-
ple revealed the presence of elements other than C and O,
which were due to the diluent.

Representative Raman spectroscopy results are included
in Figure 2C. Bulk measurements of the GO materials re-
vealed the strong presence of the D and G bands, located
at ~1,350 cm™ and ~1,590 cm™, respectively. All spectra
shared intense D bands and sharp G bands. We attribute
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Fig. 1-Representative atomic force mi-
croscopy (AFM) (A-C), scanning elec-
tron microscopy (SEM) (D-F) and trans-
mission electron microscopy (TEM)
(G-1) micrographs of graphene oxide
(GO) samples: (A, D, G) GO-H,0; (B,
E, H) GO—phosphate-buffered saline
(GO-PBS); (C, F, 1) GO manually ground
and dispersed in water (GO-MG). Scale
bars represent 500 nm in (A-C); 1 pm
in (D-F); and 2 nm, 5 nm and 200 nm in
(G), (H) and (1), respectively.

such an intense defect-related band (D band) to the pres-
ence of sp® hybridization and to the high amount of oxygen
bonds which were perforce present on GO. However, the | /
I ratio of the GO-PBS sample was the highest (1.1 compared
with 0.97 for both GO-H,0 and GO-MG) probably due to the
presence PBS residues, as confirmed by TEM and SEM. From
a simple inspection, it is quite obvious that the spectra of
the 3 different GO samples are rather similar. For samples
GO-H,0 and GO-PBS, this is expected, since the morphology
of the samples is comparable (see Fig. 1); however, although
sample GO-MG possesses very different characteristics, its
Raman spectrum also looks similar. This suggests a high
level of defects due to the less regular sp?carbon structure,
as detected by XPS and EELS. It is possible that the high D
band is due to the symmetry breakpoints that arise from
in-plane defects (see Fig. 1C), high proportion of sp* hybrid-
ization, OH-terminated edges and C-O bonds present in the
sample.

From our characterization, we can conclude that GO-H,0
and GO-PBS share morphology features (~100 nm, 1-2 lay-
ers, amount of defects), while GO-MG presents larger areas
but the same average amount of defects. Regarding surface

© 2016 The Authors. Published by Wichtig Publishing
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Fig. 2 - (A, B) X-ray photoelectron spectroscopy (XPS) spectra of graphene oxide (GO)-H,0 and GO manually ground and dispersed in water

(GO-MG), respectively; (C) Raman spectra of the GO materials.

E. coli kinetics with GO-H:0

Fig.3-(A) E. coliexposed to graphene
oxide (GO)-H,0O at different times (0,

1 1and3hours)andincubated for 500
4 minutes in fresh Luria-Bertani me-
4 dium for a recovery process; (B-D)
growth kinetics of E. coli exposed for
1 hour to different concentrations
of GO-H,0, GO—phosphate-buffered
saline (GO-PBS), GO manually ground
and dispersed in water (GO-MG), re-
1 spectively. Inset in (D) contains the
4 color codes assigned to the different
4 concentrations used in the study,
] which apply to graphs (B-D). Experi-

z 3 4 5 & 71

ments were performed in triplicate,
error bars stand for the standard
deviation of the recorded values.
0D = optical density; *p<0.05, n = 3.
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chemistry, it can be concluded that all samples present a sig-
nificant amount of sp® hybridization and oxygen species.

Biocompatibility tests

Figure 3 shows the growth of E. coliin the presence of GO.
Our results showed that the presence of GO-H_ O at such a
high concentration did not have a negative impact on bacte-
rial cell growth (Fig. 3A). For the 3 exposure times, the OD val-
ues of the cultures with GO-H,0 were quite similar to those
of controls, suggesting that the amount of living cells did

© 2016 The Authors. Published by Wichtig Publishing

Time (hours)

not decrease in contact with GO-H,0. It is worth mentioning
the slight decrease in OD_ values for the 3-hour exposure
set; both samples (control and GO-H O) showed lower val-
ues compared with those of the 0-hour and 1-hour exposure
sets. We attribute this to a uniform decrease in the amount of
living cells after 3 hours of agitation and the decrease of spe-
cific growth rate (i) due to the lack of nutrients in the saline
media. To avoid this effect, we chose to perform exposures of
1 hour for our growth kinetic experiments.

To assess the effect of our different GO materials (GO-
H,O0, GO-PBS and GO-MG), we performed a 7-hour kinetic
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Fig. 4 - (A) Specific growth rate of E. coli in contact with graphene oxide (GO) materials, calculated from the 7-hour growth kinetic study.
*p<0.05, n = 3; (B) viability of peripheral blood mononuclear cells exposed to GO materials after 24 hours.

study of the growth of E. coli, with an exposure to the materi-
als of 1 hour. We tested 3 different concentrations: 2, 20 and
200 pg/mL for each material. Conditions were similar to those
in the above-described experiment (see the section “Cell
contact to GO”) except that during the recovery step, system-
atic OD__ readings were recorded from the cultures (see more
details in “Supplementary material”).

Figure 3B, C and D shows the results of our kinetic study
of E. coli exposed to GO-H,0, GO-PBS and GO-MG, respec-
tively. From our above-described results. We did not expect
to find an antibacterial effect of the GO-H,O material, and
such a conclusion was confirmed by Figure 3B which shows
that the 3 concentrations of GO-H,O tested had no adverse
effect on the growth of E. coli. Our characterization showed
that the morphology of the GO-PBS sample was quite similar
to that of GO-H,O. Thus no antibacterial effect was expected
from this sample either. Figure 3C confirms that the presence
of GO-PBS at concentrations of 2, 20 and 200 pg/mL did not
interfere with the growth of E. coli.

Our characterization evidenced the marked differences in
morphology that the GO-MG sample presented when com-
pared with GO-H O (see Fig. 1). Such differences proved to
have a strong impact on the growth of E. coli at the highest
tested concentration (200 pg/mL). The results of our kinet-
ic study (Fig. 3D) revealed that low doses of GO-MG (2 and
20 pg/mL) do not show any effect on the growth of E. coli;
however, a higher concentration (200 ug/mL) proved to have
an adverse effect on the growth, where p decreased to a val-
ue of 0.021 h™ (£0.002) compared with 0.0265 h™* (£0.0009)
for the control (Fig. 4A).

We performed 1- and 2-way ANOVA with Dunnett’s post
test to compare the different concentrations used against
the control. Values of p <0.05 were considered as significant.

We conclude that the sample GO-MG at high concentra-
tion shows an antibacterial effect which is the product of the
high amount of large-area sheets that wrap around the bac-
teria, isolating them and disabling their proliferation, in good
agreement with the reports of Liu et al (14) and Hui et al (17).

Our study revealed as well that the GO-MG antibacterial
effect evidenced here was the product of the interactions

W

with GO during the exposure step, and such an effect was
not masked by the presence of LB growth medium during the
recovery phase. Furthermore, the absence of this exposure
step in saline solution (0-hour exposure) led to a complete
suppression of the antibacterial effect of GO-MG (see Suppl
Fig. 5, available online as supplementary material at www.
jab-fm.com, for results for GO-MG exposed to bacteria), sug-
gesting an adsorption of LB on the surface of the graphene
and an inability of the sheets to wrap and isolate E. coli — in
good agreement with the conclusions drawn by the group of
Hui et al (17).

Cytotoxicity to PBMCs

Results for the test of cell viability are shown on Figure 4B,
indicating that the presence of GO materials did not have
a negative effect on the viability of cells at 24 hours of expo-
sure. The lowest viability identified was for the GO-H,0 sample
at the highest concentration tested (200 pg/mL) with a value
of 89.95% £ 10.55%. For the rest of the samples, viability was
above 90%, proving good hemocompatibility, which is in agree-
ment with previous reports on the subject (22, 27).

Apoptosis tests were conducted on PBMCs exposed to
our materials for 24 hours at concentrations of 2 and 20 pg/
mL (see details on “Supplementary material”).

We evaluated whether our materials induced apoptosis
of PBMCs, by flow cytometry using annexin V/propidium
iodide markers. Representative dot plots of the apoptosis
assay are shown in Figure 5A-E. Interestingly, for all of the
materials for both concentrations tested, the percentage of
apoptotic cells was very close to that of the negative control
(Fig. 5F). In addition, we did not find any increase in necrotic
cells when our materials were present, as revealed by the
propidium iodide marker, and no early apoptosis was de-
tected, which was revealed when only the annexin marker
was used.

It is important to point out that the 24-hour exposure
of GO samples to PBMCs described above was done in the
presence of RPMI-1640 medium with L-glutamine, 10% fe-
tal bovine serum (FBS) and 1% penicillin-streptomycin (see

© 2016 The Authors. Published by Wichtig Publishing
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Fig. 5 - Results of the annexin V-FITC and propidium iodide (Pl) assay. Representative scatter diagrams of peripheral blood mononuclear
cells (PBMCs): (A) negative control, (B) positive control, (C-E) exposed to 20 pg/mL of graphene oxide (GO)-H,0, GO—phasphate-buffered
saline (GO-PBS) and GO manually ground and dispersed in water (GO-MG), respectively; (F) summary of the percentage of positive cells for

annexin, Pl and annexin/PI.

“Supplementary material”). The availability of nutrient mol-
ecules from the growth medium opens the possibility of ab-
sorption of proteins into the GO basal plane masking thus its
toxic effect. To investigate this possibility, new sets of experi-
ments are being designed and performed, in which exposure
of GO samples to PBMCs is carried out in the absence of nu-
trient molecules, as in the case of bacteria.

Discussion

We performed a complete characterization of 3 differ-
ent GO samples and tested their toxicity to bacteria and
PBMCs. GO-H,O and GO-PBS were obtained by the same
preparation method from GtO; a 6-hour sonication treat-
ment produced GO dispersed in water (GO-H,0) and in PBS
(GO-PBS). These samples had 2D dimensions of ~100 nm,
consisted of 1-2 staked layers, had sp® hybridization and
were bonded to oxygen species. GO-MG was derived from
GtO by manual grinding and dispersed in water. This prepa-
ration led to a material of 1-2 layers with 2D dimensions
of several microns possessing many in-plane defects, along
with sp® hybridization and reactive oxygen species. Our ex-

© 2016 The Authors. Published by Wichtig Publishing

periments in suspension proved that GO-H O and GO-PBS
did not show an antibacterial effect to £. coli, while the
presence of 200 pg/mL of GO-MG decreased its specific
growth rate. It is thus evident that not every type of GO will
present antibacterial activity; this effect is size-dependent,
and small sheets do not interfere with bacteria growth,
while large sheets (several microns) tend to inhibit it. We
proved as well that the protocol followed for exposure of
GO-MG to bacteria was vital for the outcome. While direct
exposure of bacteria to all concentrations of GO-MG in LB
media did not show an adverse effect; if the first contact
was carried out in saline solution for 1-3 hours, then the
presence of GO-MG at 200 pg/mL would decrease the spe-
cific growth rate of E. coli. This observation is in accordance
with the results of Hui et al (17) and explains previous con-
tradictory results on the toxicity of GO to bacteria due to
protocol discrepancies. Experiments with PBMCs exposed
to our GO materials indicated that no adverse effect was
observed after 24 hours, in good agreement with previous
studies; however, further studies are underway to account
for the effect in the absence of nutrient molecules that
could be absorbed on the basal planes of GO (22, 27). For
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the applications of GO in biology, and in particular, if its an-
tibacterial properties are to be potentiated, it is thus very
important to perform a characterization of the material,
giving special attention to its dimensions and homogeneity,
as well as to the protocol for exposure.
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